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A b s t r a c t  
CFD has p l a y e d  a m a j o r  r o l e  i n  t h e  resu rgence  
of h y p e r s o n i c  f l i g h t ,  on t h e  p remise  t h a t  numer i -  
ca methods w i l l  a l l o w  us t o  p e r f o r m  s i m u l a t i o n s  
a t  c o n d i t i o n s  f o r  wh ich  no  g round  t e s t  c a p a b i l i t y  
e x  s t s .  V a l i d a t i o n  o f  CFD methods i s  b e i n g  es tab -  = 1i hed u s i n g  t h e  e x p e r i m e n t a l  d a t a  base a v a i l a b l e ,  
wh ich  i s  below Mach 8 .  I t  i s  i m p o r t a n t ,  however, 
A t o  r e a l i z e  t h e  l i m i t a t i o n s  i n v o l v e d  i n  t h e  e x t r a p o -  
l a t i o n  p rocess  as w e l l  as t h e  d e f i c i e n c i e s  t h a t  
e x i s t  i n  numer i ca l  methods a t  t h e  p r e s e n t  t i m e .  
C u r r e n t  f e a t u r e s  o f  CFD codes a r e  examined for  
a p p l i c a t i o n  t o  p r o p u l s i o n  s y s t e m  components. The 
sho r t comings  i n  s i m u l a t i o n  and m o d e l i n g  a r e  i d e n t i -  
f i e d  and d i s c u s s e d .  
h 
I n t r o d u c t i o n  
An ove rwhe lm ing  degree of  r e l i a n c e  has been 
p l a c e d  on c o m p u t a t i o n a l  f l u i d  dynamics i n  t h e  
achievement  o f  h y p e r s o n i c  f l i g h t  w i t h  a NASP-l ike 
v e h i c l e  ( N a t i o n a l  Aero-Space P lane  Program).  T h i s  
r e l i a n c e  cove rs  t h e  range  o f  d e s i g n  a c t i v i t i e s ;  
from t h e  d e s i g n  o f  t h e  a i r c r a f t  c o n f i g u r a t i o n  t o  
t h e  d e s i g n  o f  t h e  i n t e g r a t e d  eng ine  sys tem.  The 
b e l i e f  t h a t  CFD can be used t o  p r e d i c t  a l l  o f  t h e  
r e l e v a n t  f l o w  p h y s i c s  and c h e m i s t r y ,  from a i r c r a f t  
t a k e o f f  t o  o r b i t a l  speeds and r e t u r n ,  has been one 
of t h e  p r i n c i p a l  reasons  f o r  t h e  resu rgence  o f  
h y p e r s o n i c  r e s e a r c h .  Computa t i ona l  methods do, i n  
f a c t ,  p r o v i d e  us w i t h  t h e  un ique  a b i l i t y  t o  p e r f o r m  
g round  s i m u l a t i o n s  a t  h i g h  Mach numbers for  wh ich  
no ground  t e s t  c a p a b i l i t y  e x i s t s .  Above Mach num- 
b e r s  o f  a p p r o x i m a t e l y  8 ,  ground t e s t  f a c i l i t i e s  do  
n o t  d u p l i c a t e  t h e  r e l e v a n t  f l i g h t  s i m u l a t i o n  param- 
e t e r  such as Mach number, Reynolds numbers, gas 
c o m p o s i t i o n ,  and e n t h a l p y  l e v e l .  Numer i ca l  a n a l y -  
s i s  r ema ins  as t h e  p r i n c i p a l  approach t o  t h e  d e s i g n  
of t h e  a i r c r a f t  and t h e  p r o p u l s i o n  system. I t  i s  
p o s s i b l e  t h a t  some d a t a  c o u l d  be o b t a i n e d  f rom 
r o c k e t  t e s t  v e h i c l e s .  These d a t a  would be l i m i t e d ,  
however t o  such i t e m s  as t h e  s t a t e  o f  t h e  boundary 
l a y e r ,  boundary l a y e r  t r a n s i t i o n  l o c a t i o n ,  l e n g t h  
o f  t h e  t r a n s i t i o n  zone and s u r f a c e  h e a t  t r a n s f e r .  
T e s t i n g  o f  a s c r a m j e t  p r o p u l s i o n  system on a r o c k e t  
v e h i c l e  would p r e s e n t  a m a j o r  p rob lem due t o  t h e  
f a c t  t h a t  s c a l i n g  o f  t h e  combus t ion  p rocess  i s  n o t  
f e a s i b l e .  T h e r e f o r e ,  a f u l l  s i z e d  p r o p u l s i o n  mod- 
u l e  would be r e q u i r e d  as t h e  t e s t  a r t i c l e  on a 
r o c k e t  t e s t  v e h i c l e .  Such t e s t i n g  m i g h t  be b e t t e r  
approached t h r o u g h  use o f  l a r g e r  v e h i c l e s  such 
as t h e  Space S h u t t l e .  However, i t  i s  c u r r e n t l y  
b e l i e v e d  t h a t  t h e  costs a s s o c i a t e d  w i t h  t h e  f l i g h t  
t e s t i n g  d e s c r i b e d  above would be e x t r e m e l y  h i g h .  
CFD.  t h e r e f o r e ,  rema ins  as a v i a b l e  a l t e r n a t i v e .  
I t  must be p o i n t e d  o u t  t h a t  t h e  p h i l o s o p h y  r e g a r d -  
i n g  CFD i s  based on t h e  f a c t  t h a t  an e x p e r i m e n t a l  
d a t a  base e v i s t s  be low Mach 8 .  Those d a t a  p r o v i d e  
t h e  means f o r  a s s e s s i n g  t h e  accu racy  o f  t h e  numer i -  
c a l  methods,  a s  w e l l  as f o r  c a l i b r a t i n g  t h e  codes.  
E x t r a p o l a t i o n  t o  f l i g h t  c o n d i t i o n s ,  where no d a t a  
*Deputy C h i e f ,  I n t e r n a l  F l u i d  Mechanics 
D i v i s i o n ;  A s s o c i a t e  F e l l o w ,  A I A A .  
e x i s t s ,  can t h e n  be c a r r i e d  o u t .  I n  t h e o r y ,  t h e r e -  
fore, t h e  p rocedure  d e s c r i b e d  would p r o v i d e  u s  w i t h  
ground s i m u l a t i o n  t h r o u g h o u t  t h e  Mach number range 
from t a k e o f f  t o  o r b i t a l  v e l o c i t i e s .  I t  i s  c r u c i a l ,  
however, t o  r e a l i z e  t h e  c a p a b i l i t i e s  and t h e  l i m i -  
t a t i o n s  i n v o l v e d  i n  t h e  e x t r a p o l a t i o n  p rocess  as 
w e l l  as t h e  n u m e r i c a l  methods a t  t h e  p r e s e n t  t i m e .  
I n  t h i s  p a p e r ,  t h e  c u r r e n t  f e a t u r e s  o f  t h e  numer i -  
c a l  methods a v a i l a b l e  fo r  a n a l y z i n g  t h e  f l o w  i n  
m u l t i - e l e m e n t  h y p e r s o n i c  p r o p u l s i o n  systems w i l l  
be p r e s e n t e d .  S i n c e  t h i s  paper  has as i t s  focus 
t h e  p r o p u l s i o n  system, t h e  a i r c r a f t  c o n f i g u r a t i o n  
i s  o n l y  d i s c u s s e d  r e l a t i v e  t o  t h e  p r o p u l s i o n  f l o w  
p a t h .  O n l y  t h e  i n t e g r a t i o n  e f f e c t s  o f  t h e  f o r e -  
body and n o z z l e  a f t e r b o d y  c o n f i g u r a t i o n  w i l l  be 
add ressed .  Emphasis i s  p l a c e d  on t h e  i n l e t  behav- 
i o r ,  combustor  and n o z z l e  c h a r a c t e r i s t i c s  i n c l u d -  
i n g  i o n i z a t i o n  and d i s s o c i a t i o n  e f f e c t s ,  as w e l l  
as f i n i t e  r a t e  and e q u i l i b r i u m  c h e m i s t r y  e f f e c t s .  
The c r i t i c a l  l i m i t a t i o n s  i n t r o d u c e d  by t h e  need for 
t u r b u l e n c e ,  boundary l a y e r  t r a n s i t i o n  and chemica l  
m o d e l i n g  a r e  d i s c u s s e d ;  and t h e  e f f e c t  o f  v a r i o u s  
models i s  i l l u s t r a t e d  f o r  t h e  p r o p u l s i o n  s y s t e m  
components. Shor t comings  a s s o c i a t e d  w i t h  t h e  
e x t r a p o l a t i o n  t o  h i g h e r  speeds a r e  a l s o  p r e s e n t e d .  
C u r r e n t  and f u t u r e  a c t i v i t i e s ,  wh ich  a r e  d i r e c t e d  
toward  i m p r o v i n g  t h e  m o d e l i n g ,  a r e  d i s c u s s e d .  
These a c t i v i t i e s  i n c l u d e  e lemen ts  such as d i r e c t  
n u m e r i c a l  s i m u l a t i o n ,  w a l l  and shear  l a y e r  t u r b u -  
l e n c e  m o d e l i n g  and p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  
f o r  r e a c t i n g  f l o w s .  
P r o p u l s i o n  CFD V a l i d a t i o n  
Hyperson ic  P r o p u l s i o n  System 
I n  o r d e r  t o  demons t ra te  t h e  a b i l i t y  o f  CFD 
codes t o  p e r f o r m  p r o p u l s i o n  system compu ta t i ons  and 
t o  examine t h e i r  s t r e n g t h s  and t h e i r  sho r t comings ,  
a t y p i c a l  p r o p u l s i o n  c o n f i g u r a t i o n  must b e  chosen .  
I n  t h i s  paper ,  a combined r a m j e t l s c r a m j e t  system 
i s  assumed w h i c h  has a common flow p a t h .  The low 
speed or " a c c e l e r a t o r "  p o r t i o n  o f  t h e  eng ine ,  wh ich  
would p r o v i d e  s u f f i c i e n t  speed f o r  r a m j e t  ope ra -  
t i o n ,  i s  n o t  c o n s i d e r e d  h e r e .  The assumed f l i g h t  
c o n d i t i o n s  wou ld  c o r r e s p o n d  t o  subson ic  combus t ion  
r a m j e t  o p e r a t i o n  from f l i g h t  numbers o f  a p p r o x i -  
m a t e l y  Mach 3 up t o  a p p r o x i m a t e l y  Mach 5 . 5 ,  where 
s u p e r s o n i c  combus t ion  o p e r a t i o n  would commence. 
Superson ic  f low w i t h i n  t h e  e n g i n e  r e s u l t s  i n  l ower  
tempera tu res  and p r e s s u r e s ,  t h e r e b y  r e d u c i n g  h e a t  
f l u x e s  and i n t e r n a l  f o r c e s .  The lower  tempera tu res  
a l s o  a l l o w  h e a t  t o  be added f r o m  t h e  f u e l  w i t h o u t  
i m p o s i n g  h i g h  a i r  d i s s o c i a t i o n  l o s s e s .  However, 
i g n i t i o n  and combus t ion  o f  t h e  f u e l  w i t h i n  t h e  com- 
b u s t o r  rema ins  a m a j o r  c h a l l e n g e .  The i d e a  o f  an 
o b l i q u e  d e t o n a t i o n  wave r a m j e t  has been p roposed ,  
where in  f u e l  i s  i n j e c t e d  ups t ream ( i n l e t )  f o r  p re -  
m i x i n g  w i t h  a i r .  The m i x t u r e  i s  t hen  i g n i t e d  by a 
shock wave w i t h i n  t h e  combus to r .  D e t o n a t i o n  wave 
s t a b i l i t y ,  comp le teness  o f  combus t ion  and p remix -  
i n g  f e a s i b i l i t y  i s s u e s  must be s o l v e d  t o  under -  
s t a n d  t h i s  c o n c e p t .  I n  t h i s  p a p e r ,  t h e  d e t o n a t i o n  
eng ine  c o m p u t a t i o n s  a r e  n o t  c o n s i d e r e d .  Our i n v e s -  
t i g a t i o n ,  t h e r e f o r e ,  c e n t e r s  o n  t h e  use o f  CFD f o r  
1 
an i n t e g r a t e d  a i r b r e a t h i n g  p r o p u l s i o n  system o p e r -  
a t i n g  a t  a l t i t u d e s  f rom n e a r  e a r t h  t o  t h e  l i m i t s  
of t h e  s t r a t o s p h e r e .  I n  t h e  absence o f  s p e c i f i c  
r a m j e t / s c r a m j e t  d e s i g n s ,  a g e n e r i c  t y p e  p r o p u l s i o n  
zystem w i l l  be used wh ich  i n c l u d e s  many o f  t h e  
f e a t u r e s  v h i c h  a r e  c o n s i d e r e d  i m p o r t a n t  i n  r e a l  
systems. Those e n g i n e  f e a t u r e s  wh ich  c a n n o t  be 
a n a l y z e d ,  f o r  example,  complex combustor geome- 
t r i e s ,  w i l l  be d i s c u s s e d  as l i m i t a t i o n s  o f  CFD fo r  
h y p e r s o n i c  p r o p u l s i o n  systems. 
n u m e r i c a l  methods v a r i e s  f o r  each o f  t h e  system 
components. For t h e  b l u n t  f o r e b o d y ,  a t h i n  l a y e r  
Nav ie r -S tokes  code i s  r e q u i r e d  a t  t h e  nose t o  
h a n d l e  t h e  s t r o n g  v i s c o u s  shock, f o l l o w e d  by  p a r a -  
b o l i z e d  Nav ie r -S tokes  method to t h e  i n l e t .  Around 
Mach 7 ,  t h e  v e h i c l e  g e n e r a t e s  a h i g h  t e m p e r a t u r e ,  
h i g h  e n t h a l p y  f low f i e l d .  
t u r e s  i n  t h e  boundary  l a y e r s  o f  t h e  v e h i c l e  d i s s o -  
c i a t e s  t h e  oxygen and n i t r o g e n  m o l e c u l e s  i n t o  t h e i r  
r e s p e c t i v e  a t o m i c  s p e c i e s  w h i c h  may a l s o  become 
i o n i z e d .  The p r o c e s s  can be c a t a l y z e d  and enhanced 
f u r t h e r  by v e h i c l e  s u r f a c e  c o n t a m i n a n t s .  T h i s  d i s -  
s o c i a t i o n  p r o c e s s  may l e a d  t o  v a r i a t i o n s  i n  l o c a l  
f l o w - f i e l d  m o l e c u l a r  w e i g h t ,  s p e c i f i c  h e a t  and 
t r a n s p o r t  p r o p e r t i e s  w i t h  r e s u l t a n t  a s s o c i a t e d  
changes i n  dynamic a i r f l o w ,  h e a t  t r a n s f e r  and 
combustor k i n e t i c s .  These e f f e c t s  c a n n o t  be accu- 
r a t e l y  modeled i n  g round t e s t  f a c i l i t i e s .  Prop- 
e r t i e s  o f  shock h e a t e d  a i r  and combust ion  gases 
a r e  needed fcr per fo rmance p r e d i c t i o n s .  Three- 
d i m e n s i o n a l  t h i n  l a y e r  or Nav ier -S tokes  a r e  
r e q u i r e d  for t h e  f low i n  t h e  i n l e t  w i t h  t h e  p r e s -  
ence o f  m u l t i p l e  shocks and p o s s i b l e  f low separa-  
t i o n  and u n s t e a d i n e s s .  The combustor r e q u i r e s  a 
N a v i e r - S t o k e s  s o l u t i o n  i n c l u d i n g  f i n i t e  r a t e  chem- 
i s t r y  as does t h e  n o z z l e  f low f i e l d .  I t  i s  o b v i -  
ous, t h e r e f o r e ,  t h a t  r e a l  gas e f f e c t s ,  i o n i z a t i o n ,  
r e c o m b i n a t i o n ,  n o n e q u i l i b r i u m  e f f e c t s ,  and w a l l  
c a t a l y t i c i t y  must be c o n s i d e r e d  a t  v a r i o u s  l o c a -  
t i o n s  t h r o u g h  t h e  system. 
CFD V a l i d a t i o n  
The l e v e l  o f  s o p h i s t i c a t i o n  r e q u i r e d  i n  t h e  
The e l e v a t e d  tempera- 
A s  m e n t i o n e d  i n  t h e  I n t r o d u c t i o n ,  CFD e x t r a p o -  
l a t i o n  i s  r e q u i r e d  for  t h e  d e s i g n  o f  t h e  a i r c r a f t /  
p r o p u l s i o n  sys tem a t  t h e  h i g h e r  Mach number r a n g e  
(M > 8 ) .  A c r i t i c a l  a c t i v i t y ,  t h e r e f o r e ,  i s  asso- 
c i a t e d  w i t h  v a l i d a t i o n l c a l i b r a t i o n  o f  t h e  n u m e r i c a l  
t e c h n i q u e s .  To what e x t e n t  or l e v e l  o f  s o p h i s t i c a -  
t i o n  i s  v a l i d a t i o n  r e q u i r e d ?  Must  t h e  n u m e r i c a l  
codes d u p l i c a t e  a l l  o f  t h e  p h y s i c s  and chemi ,s t ry  
i n  t h e  f l o w ?  B e f o r e  a n s w e r i n g  t h e s e  q u e s t i o n s ,  
one must be aware o f  t h e  manner i n  w h i c h  codes 
w i l l  be used i n  t h e  d e s i g n  p r o c e s s .  I n  t h e  case 
o f  t h e  i n l e t ,  t h e  d e s i g n e r  i s  i n t e r e s t e d  i n  c e r -  
t a i n  per fo rmance parameters  such as t h e  amount o f  
mass c a p t u r e d ,  a d i a b a t i c  k i n e t i c  e n e r g y  e f f l c i e n c y ,  
p r e s s u r e  r e c o v e r y ,  h e a t  l o a d ,  s p i l l a g e  d r a g  and 
e < i t  p r o f i l e .  I d e a l l y ,  t h e n  a d e s i g n e r  can com- 
p u t e .  fo r  a v a r i e t y  of p o s s i b l e  i n l e t  g e o m e t r i e s  
o v e r  a range o f  Mach numbers, a l l  o f  t h e  p a r a m e t e r s  
c i t e d  above and, e v e n t u a l l y ,  a r r i v e  a t  a f a i r l y  
e f f i c i e n t  i n l e t  d e s i g n .  A t  t h i s  p o i n t ,  however,  i t  
i s  n e c e s s a r y  t o  ask  t o  what e x t e n t  i s  t h e  d e s i g n e r  
i n t e r e s t e d  i n  t h e  p h y s i c a l  and chemica l  phenomena 
o c c u r r i n g  i n  t h e  i n l e t ,  such as s h o c k l b o u n d a r y  
l a y e r  i n t e r a c t i o n s ,  s e c o n d a r y l c o r n e r  f l o w s ,  mass 
i n j e c t i o n ,  t r a n s i t i o n ,  b l e e d ,  e q u i l i b r i u m  chemis- 
t r y ,  flow s e p a r a t i o n  and u n s t e a d y  f l o w s  due t o  
p r e s s u r e  o s c i l l a t i o n s  and shock i n t e r a c t i o n s ?  The 
answer i s  perhaps  q u i t e  s t r a i g h t f o r w a r d .  The 
d e s i g n e r  i s  i n t e r e s t e d  i n  a l l  o f  t h e  p h y s i c s  and 
c h e m i s t r y  i n s o f a r  as i t  a f f e c t s  t h e  3erformance 
parameters  c i t e d  e a r l i e r .  I f  t h e  p h y s i c a l i c h e m i c 3 1  
phenomena d o  n o t  a f f e c t  t h e  i n l e t  performance gr 
l o a d i n g s ,  i t  i s  s a f e  t o  say t h a t  t h e  d e s i g n e r  r o u l d  
n o t  be p a r t i c u l a r l y  u p s e t  i f  such f e a t u r e s  were 
m i s s i n g  i n  t h e  n u m e r i c a l  code. 
t h e  i s s u e  o f  code v a l i d a t i o n / c a l i b r a t i o n  i s  t h a t  
t h e  e x t e n t  o f  t h e  v a l i d a t i o n  p r o c e s s  and t h e  number 
o f  e f f e c t s  to  be accounted  fo r  a r e  i t r o n g l y  depend- 
e n t  on t h e  magn i tude o f  t h e  i n d i v i d u a l  e f f e c t s  on 
i n l e t  per fo rmance.  A n o t h e r  'way o f  s t a t i n g  i t  i s  
t o  ask  wh ich  o f  t h e  i t e m s  i n  t h e  l i s t  o f  p h y s i c a l /  
chemica l  phenomena must  be modeled by  t h e  CFD'er  
i n  o r d e r  f o r  t h e  d e s i g n e r  t o  have v a l i d  answers .  
I f  none o f  t h e  i t e m s  can be i g n o r e d ,  t h e n  a l l  of 
them must be i n c l u d e d  as t h e  n u m e r i c a l  codes a r e  
e x e r c i s e d  to d e v e l o p  s e n s i t i v i t i e s  t o  t h e  i n d i v i -  
d u a l  m o d e l i n g .  One must  r e a l i z e  t h a t  i n  a d d i t i o n  
t o  t h e  m o d e l i n g  r e q u i r e d ,  t h e r e  a r e  a l s o  i s s u e s  
r e l a t e d  t o  t h e  n u m e r i c s  and t h e  math m o d e l i n g .  
These i s s u e s  i n v o l v e  c o m p u t a t i o n a l  g r i d  s e n s i t i v -  
i t y ,  t h e  a b i l i t y  t o  c a p t u r e  d i s c o n t i n u i t i e s ,  s e n s i -  
t i v i t y  t o  i n t e r n a l  code p a r a m e t e r s ,  t h e  e f f e c t  of 
n u m e r i c a l  boundary  c o n d i t i o n s ,  and c o n s e r v a t i o n  of 
mass, momentum, e n e r g y  and s p e c i e s .  T h e r e f o r e ,  
one must be concerned w i t h  n u m e r i c a l l m a t h e m a t i c a l  
m o d e l i n g  as w e l l  as  p h y s i c a l l c h e m i c a l  m o d e l i n g .  
I f  t h e s e  a c t i v i t i e s  can be p r o p e r l y  e x e c u t e d ,  t h e n  
one may p r o c e e d  t o  t h e  n e x t  s t a g e ,  wh ich  i n c i u d e s  
t h e  i d e n t i f i c a t i o n  o f  c r i t i c a l  e x p e r i m e n t s  and com- 
p a r i s o n  o f  t h e  n u m e r i c a l  r e s u l t s  w i t h  e x p e r i m e n t a l  
r e s u l t s .  A l t h o u g h  t h e  e x p e r i m e n t a l  methods :+i 1 1  
n o t  be d i s c u s s e d ,  i t  i s  e q u a l l y  i m p o r t a n t  t o  e s t a b -  
l i s h  t h e  v a l i d i t y  and a c c u r a c y  o f  t h e  measured 
d a t a .  
The r e l e v a n c e  o f  t h e  p r e c e d i n g  d i s c u s s i o n  to  
The d i s c u s s i o n  r e g a r d i n g  code v a l i d a t i o n  has 
been somewhat g e n e r a l  t o  t h i s  p o i n t .  To be more 
s p e c i f i c ,  T a b l e  1 shows t h e  c r i t i c a l  f o r e b o d y  
d e s i g n  or per fo rmance p a r a m e t e r s ,  t h e  q u a n t i t i e s  
t h a t  must  be computed by  t h e  codes and t h e  p h y s i c s /  
c h e m i s t r y  m o d e l i n g  r e q u i r e m e n t s .  The same in fo rma-  
t i o n  i s  shown i n  T a b l e  2 for  t h e  i n l e t ,  T a b l e  3 f o r  
t h e  combustor and T a b l e  4 for  t h e  n o z z l e .  From t h e  
v i e w p o i n t  o f  a r e s e a r c h e r ,  i t  i s  b e l i e v e d  t h a t  a 
fundamenta l  u n d e r s t a n d i n g  o f  t h e  p h y s i c s  and chem- 
i s t r y  w i t h i n  a n y  sys tem must f i r s t  be u n d e r s t o o d  
and t h e n  modeled. I t s  r e l a t i v e  i m p o r t a n c e  (and 
perhaps  some e v e n t u a l  c o n t r o l )  must  f i r s t  be under -  
s t o o d ,  b e f o r e  a m a s s i v e  s e n s i t i v i t y  s t u d y  ( g r i d ,  
i n t e r n a l  p a r a m e t e r s )  i s  c a r r i e d  o u t  for  e v e r y  phys- 
i c a l  or c h e m i c a l  phenomena known t o  e x i s t  i n  t h e  
component. I t  i s  p roposed,  t h e r e f o r e ,  f o r  CFD v a l -  
i d a t i o n ,  t h a t  b o t h  e x p e r i m e n t a l  and n u m e r i c a l  
r e s e a r c h  s h o u l d  p r o c e e d  from t h e  b a s i s  of deve lop-  
i n g  u n d e r s t a n d i n g  f i r s t ,  s e c o n d l y ,  mak ing  judgments 
on t h e  i m p o r t a n c e  o f  v a r i o u s  phenomena. and t h e n  
p e r f o r m i n g  n u m e r i c a l  s e n s i t i v i t y  s t u d i e s .  
The p r o p u l s i o n  sys tem components w i l l  be d i s -  
cussed s e q u e n t i a l l y  i n  t h e  f o l l o w i n g  s e c t i o n s  of 
t h e  p a p e r .  The i t e m s  o f  s p e c i a l  concern  a r e  
u n s t e a d y  f low b e h a v i o r  i n  t h e  i n l e t ,  combust ion-  
t u r b u l e n c e  m o d e l i n g  i n  t h e  combustor and shear  
l a y e r l b o u n d a r y  l a y e r  c h a r a c t e r i s t i c s  i n  n o z z l e  f l o w  
N u m e r i c a l  Methods f o r  I n l e t  F low 
N u m e r i c a l  Schemes 
T y p i c a l  r e s u l t s  fo r  a h i g h  speed i n l e t  
p r e s e n t e d  i n  t h i s  s e c t i o n .  A f a i r l y  s i g n i f  
w i l  1 be 
c a n t  
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number o f  dna lyses  have been c a r r i e d  o u t  o v e r  t h e  
l a s t  s e v e r a i  y e a r s  a t  v a r i o u s  l a b o r a t o r i e s  ( i . e .  
NASA L e w i ; ,  L a n g l e y ,  Rose Engr ,  APL/JHU). A S  a 
means o f  i l l u s t r a t i n g  t h e  c u r r e n t  c a p a b i l i t y  o f  
i n l e t  codes, we c o n s i d e r  t h e  r e s u l t s  o b t a i n e d  by 
Benson and c o - w ~ r k e r s ~ - ~  u s i n g  b o t h  p a r a b o l  i z e d  
and Reynolds averaged Nav ie r -S tokes  s o l v e r s .  The 
PNS code s o l v e s  the  system o f  e q u a t i o n s  for  hyper -  
s o n i c  or s u p e r s o n i c  f l o w  by t h e  l i n e a r i z e d  b l o c k  
imp1 i c i  t scheme o f  B r i  l e y  and McDonald.5 
p a r a b o l i z e d  s o l v e r s  have i n h e r e n t  l i m i t a t i o n s  
r e g a r d i n g  s e p a r a t i o n  r e g i o n s ,  an a p p r o x i m a t i o n  i s  
used t o  a l l o w  t h e  code t o  march t h r o u g h  sma l l  
a reas  o f  s e p a r a t e d  f l o w .  The Reynolds averaged 
Nav ie r -S tokes  code (PARC3D) s o l v e s  t h e  b a s i c  equa- 
t i o n s  i n  s t r o n g  c o n s e r v a t i o n  form w i t h  t h e  Beam- 
Warming a p o r o i i m a t e  f a c t o r i z a t i o n  a l g o r i t h m . 6  I t  
uses c e n t r a l  d i f f e r e n c i n g  and Jameson t y p e  a r t i f i -  
c i a l  d i ~ s i p a t i o n . ~  O r i g i n a l l y  deve loped  by P u l l i a m  
and 5 t e g e r . 8  ARC was m o d i f i e d  f o r  p r o p u l s i o n  a n a l y -  
s i s  by Cooper9 and a c c o r d i n g l y  named PARC. The 
s i m p l e  r e c t a n g u l a r  i n l e t  c o n f i g u r a t i o n  shown i n  
F i g .  1 was ana lyzed  w i t h  t h e  e x p e c t a t i o n  t h a t  
expe l - imen ta l  d a t a  would be a v a i l a b l e .  A f l a t  
p l a t e  o f  30 i n .  l e n g t h  preceded t h e  e n t r a n c e  t o  
t h e  i n l e t  i n  o r d e r  t o  s i m u l a t e  t h e  boundary l a y e r  
g rowth  on t h e  f o r e b o d y  o f  a h y p e r s o n i c  a i r c r a f t .  
ComDression wedges fo rm t h e  t o p  and b o t t o m  w a l l s  
of t he  i n l e t  and t h e  c o n t r a c t i o n  r a t i o  was equal  
t o  5 .  Swept s i d e w a l l s  wh ich  connec t  t h e  upper  and 
lower  r a l l s  p r e v e n t  compressed f l o w  from s p i l l i n g  
o v e r  t h e  i n l e t  s i d e s .  Computat ions were made a t  
an e n t r a n c e  Mach number o f  12 .25 .  V a r i o u s  t u r b u -  
l e n c e  models were used i n  t h e  s o l u t i o n s ,  i n c l u d i n g  
those  deve loped  by McDonald-Camarata, B u s h n e l l  and 
B e c k w i t h  and Baldwin-Lomax. Two-dimensional PNS 
s o l u t i o n s  w e r e  c a r r i e d  o u t  u s i n g  g r i d s  o f  100 by 
1000, and t h e  t h r e e - d i m e n s i o n a l  cases used 80 by 
60 by 750. The two-d imens iona l  Reynolds averaged 
N a v i e r - S t o k e s  s o l u t i o n s  used 100 by 200 g r i d s  
whereas t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n s  were c a r -  
r i e d  o u t  on g r i d s  o f  150 by 81 by 41. Computa t i ons  
w e r e  pe r fo rmed  on t h e  Cray  X-MP and t h e  Cray 2 .  
The PNS code d e s c r i b e d  above has been m o d i f i e d  b y  
L i o u l O  t o  i n c l u d e  r e a l  gas e f f e c t s .  I n  a d d i t i o n ,  
Yu e t  a1 . l l  have i n c o r p o r a t e d  f i n i t e  r a t e  and 
l o c a l  e q u i l i b r i u m  approaches i n  t h e  chemica l  r e a c -  
t i o n  model for d i s s o c i a t i o n  and i o n i z a t i o n  o f  t h e  
i n l e t  a i r .  The f i n i t e  r a t e  approach i n v o l v e s  t h e  
s i m u l t a n e o u s  s o l u t i o n  o f  e l e v e n  s p e c i e s  e q u a t i o n s  
c o u p l e d  w i t h  t h e  f l u i d  dynamics e q u a t i o n s .  I n  t h e  
l o c a l  e q u i l i b r i u m  approach ,  a chemica l  e q u i l i b r i u m  
package has been deve loped  and i n c o r p o r a t e d  i n t o  
t h e  f l o w  code t o  o b t a i n  chemica l  c o m p o s i t i o n s  
d i r e c t l y .  Gas p r o p e r t i e s  for t h e  r e a c t i o n  p r o d u c t  
s p e c i e s  a r e  c a l c u l a t e d  b y  methods o f  s t a t i s t i c a l  
mechanics and f i t  to  a p o l y n o m i a l  f o r m  fo r  spe- 
c i f i c  h e a t .  
S i n c e  
Rose and P e r k i n s l z  have used Kumar 's  e x p l i c i t ,  
t i m e - a c c u r a t e  i m p l e m e n t a t i o n  o f  MacCormack's a l g o -  
r i t h m  for s o l v i n g  t h e  f u l l  Nav ie r -S tokes  e q u a t i o n s .  
G r i d  s i z e s  used for  t h e  compu ta t i ons  were 201 i n  
t h e  s t reamwise  d i r e c t i o n ,  61 i n  t h e  compress ion  
d i r e c t i o n  and 27 i n  t h e  c r o s s  s t r e a m  d i r e c t i o n .  
I n l e t  s u r f a c e s  were assumed to  be n e a r l y  a d i a b a t i c  
w i t h  s u r f a c e  t e m p e r a t u r e s  equal  t o  s t a g n a t i o n  
t e m p e r a t u r e s .  
Computed I n l e t  R e s u l t s  
t h e  w a l l s  i n d i c a t e s  t h e  boundary l a y e r ,  w h i l e  the  
c o n t o u r  c o n c e n t r a t i o n  i n  t h e  f r e e s t r e a m  i n d i c a t e s  
shock wave l o c a t i o n s .  The f l o w  ( r i g h t  t o  l e f t :  
f e a t u r e s  seen i n  t h e  f i g u r e  a r e  boundary l a y e r  
b u i l d u p  on t h e  f l a t  p l a t e  f o l l o w e d  by t h i c k e n i n g  on 
t h e  s i d e  w a l l s  and ramp s u r f a c e .  Shocks genera ted  
by t h e  compress ion wedges a r e  seen as h o r i z o n t a l  
l i n e s ,  and t h e  s i d e w a l l  shocks as v e r t i c a l  l i n e s .  
The shocks g e n e r a t e d  by t h e  compress ion su r face  
g l a n c e  a c r o s s  t h e  s i d e w a l l  boundary l a y e r s ,  p roduc -  
i n g  a t h i c k e n i n g  o f  t h e  boundary i n  t h e  v i c i n i t y  
o f  t h e  shock,  and t h i n n i n g  o f  t h e  l a y e r  i n  t h e  c o r -  
n e r s .  S t r o n g  secondary f l o w s  a r e  deve loped  i n  t h e  
shock wave/boundary l a y e r  i n t e r a c t i o n .  These 
f l o w s ,  i n  t u r n ,  a f f e c t  t h e  downstream i n l e t  f l o w  
f i e l d .  A more d e t a i l e d  v i e w  o f  t h e  f l o w  f i e l d  Mach 
number c o n t o u r s  i s  seen i n  F i g .  3 .  I n  t h i s  v iew ,  
wh ich  l o o k s  ups t ream toward  t h e  i n l e t  e n t r a n c e ,  t h e  
ramp and cowl compress ion shock waves emanat ing 
f r o m  t h e  l e a d i n g  edges a r e  c l e a r l y  d i s c e r n i b l e ,  as 
w e l l  as t h e  secondary f l o w  deve loped  i n  t h e  c o r -  
n e r s .  The boundary l a y e r  g r o w t h  on t h e  wedges and 
s i d e w a l l s  has been h i g h l y  d i s t o r t e d  by i n t e r a c t i o n s  
w i t h  t h e  compress ion shocks .  Benson e t  a 1 . 4  des- 
c r i b e  t h e i r  compu ta t i ons  i n  t h e  f o l l o w i n g  way, 
wh ich  r e l a t e s  to t h e  i m p o r t a n t  p h y s i c a l  p rocesses  
o c c u r r i n g :  "The low energy  f l o w  o f  t h e  s i d e w a l l  
boundary l a y e r  has been swept up t h e  s i d e w a l l  by 
t h e  ramp shock and down t h e  s i d e w a l l  by t h e  cowl 
shock.  Near t h e  s i d e w a l l  where t h e  secondary f l o w s  
c o l l i d e ,  one sees a secondary shock as a v e r t i c a l  
l i n e .  A s  t h e  f l o w  proceeds downstream t o  t h e  cen- 
t e r  p l a n e ,  t h e  shock waves c r o s s  and a r e  d i s t o r t e d  
by i n t e r a c t i o n  w i t h  t h e  s i d e w a l l  boundary l a y e r  and 
t h e  expans ion  f a n  on t h e  ramp s u r f a c e .  A t  t h i s  
s t a t i o n ,  t h e  ramp shock i s  r e f l e c t i n g  f r o m  t h e  cowl 
s u r f a c e  and t h e  cowl shock i s  seen as t h e  upper  
h o r i z o n t a l  l i n e .  The l o w e r  w h i t e  h o r i z o n t a l  l i n e  
co r responds  t o  t h e  edge o f  t h e  ramp boundary l a y e r .  
The v o r t i c e s  g e n e r a t e d  by t h e  shock lboundary  l a y e r  
i n t e r a c t i o n s  have p u l l e d  away f r o m  t h e  s i d e w a l l  
w h i l e  i n t e r a c t i n g  w i t h  each o t h e r .  P r o c e e d i n g  t o  
t h e  l a s t  p l a n e  on t h e  l e f t ,  t h e  expans ion  g e n e r a t e d  
on t h e  l o w e r  s u r f a c e  causes a s t r o n g  p r e s s u r e  g r a -  
d i e n t  from t o p  t o  b o t t o m .  Low energy  f low a l o n g  
t h e  s i d e w a l l  moves i n t o  t h e  c o r n e r  formed by t h e  
s i d e w a l l  and t h e  ramp s u r f a c e .  A s  t h e  shock wave 
c r e a t e d  by t h e  ramp and r e f l e c t e d  f rom t h e  cowl 
s t r i k e s  t h e  ramp s u r f a c e ,  t h e  low e n e r g y  f l o w  i n  
t h e  c o r n e r  s e p a r a t e s .  The PNS a n a l y s i s  canno t  be 
made t o  p roceed  f a r t h e r  due t o  t h e  magn i tude  of t h e  
s e p a r a t i o n  i n  t h e  c o r n e r .  A t  t h i s  l a s t  s t a t i o n ,  
t h e  f low i s  seen t o  be h i g h l y  d i s t o r t e d  w i t h  sepa- 
r a t i o n  i n  t h e  l o w e r  c o r n e r s ,  v o r t i c a l  f low near  t h e  
s i d e w a l l s  and t h i c k  boundary  l a y e r s  on b o t h  t h e  
ramp and cowl s u r f a c e s . "  
An a l t e r n a t e  v i s u a l i z a t i o n  o f  t h e  t h r e e -  
d i m e n s i o n a l  f low i s  o b t a i n e d  w i t h  p a r t i c l e  t r a c i n g ,  
as shown i n  F i g .  4. C o m p u t a t i o n a l  p a r t i c l e s  w e r e  
p l a c e d  a l o n g  t h e  s i d e w a l l  o f  t h e  i n l e t .  I n t e r a c -  
t ion o f  t h e  ramp and cowl  shocks w i t h  t h e  s i d e w a l l  
boundary l a y e r  causes t h e  p a r t i c l e s  t o  converge 
n e a r  t h e  shock i n t e r a c t i o n  p o i n t .  The p a r t i c l e s  
a r e  t h e n  d i s p l a c e d  due t o  t h e  v o r t e x  m o t i o n  des- 
c r i b e d  e a r l i e r .  Flow m i g r a t i o n  d e t a i l s  a r e  c l e a r l y  
d e p i c t e d  i n  t h i s  c o m p u t a t i o n a l  s i m u l a t i o n .  S ince  
t h i s  v o r t e x  phenomenon p e r s i s t s  downstream, i t  i s  
proposed  t h a t  j u d i c i o u s  f u e l  i n j e c t o r  d e s i g n  and 
p lacemen t  may l e a d  t o  enhanced m i x i n g  o f  a i r  and 
f u e l  i n  t h e  combus to r .  _. . .. . .. 
Con tou r  p l o t s  o f  c o n s t a n t  Mach number w i t h i n  
t h e  i n l e t ,  o b t a i n e d  w i t h  t h e  PNS a n a l y s i s  a r e  Computa t i ons  p e r f o r m e d  b y  Rose a r e  shown i n  
shown i n  F i g .  2 .  The c o n c e n t r a t i o n  of  l i n e s  n e a r  F i g .  5 for a r e c t a n g u l a r  i n l e t  a t  Mach 5 .  The 
3 
same f e a t u r e s  shown i n  t h e  p r e v i o u s  i n l e t  a r e  a l s o  
seen i n  the  Mach 5 i n l e t .  i . e . ,  s t r o n g  v i s c o u s  
shock e f f e c t s  l e a d i n g  t o  l a r g e  r e g i o n s  o f  v o r t e x  
f l o w .  Rose c a r r i e d  o u t  a number o f  n u m e r i c a l  
eqper imeqts t o  c o n t r o l  t h e  v o r t e x  phenomena i n  t h e  
c o r n e r  r e g i o n s .  F i g u r e  6 shows t h e  b a s e l i n e  or no 
c o n t r o l  case,  f o l l o w e d  by cowl c u t b a c k ,  cowl b l e e d  
and removal o f  a p a r t  o f  t h e  s i d e w a l l .  These modi- 
f i c a t i o n s  w e r e  made n e a r  t h e  i n l e t  ramp s h o u l d e r .  
I t  may be seen t h a t  t hese  m o d i f i c a t i o n s  were 
i n e f f e c t i v e  i n  e l i m i n a t i n g  t h e  v o r t e x  r e g i o n .  Even 
w i t h  the  cu tback  s i d e w a l l ,  t h e  low momentum f l u i d  
e x i t s  a l o n g  t h e  e n t i r e  s i d e w a l l .  Some a t t e n u a t i o n  
i s  seen a l o n g  t h e  cowl s u r f a c e  for  t h a t  case.  I t  
i s  e v i d e n t ,  however, t h a t  t h e  shock-boundary l a y e r  
p h y s i c s  w i t h i n  a r e c t a n g u l a r  shaped i n l e t  w i l l  l e a d  
t o  p r e s s u r e  l o s s e s  i n  t h e  c o r n e r  r e g i o n s .  However, 
i f  these  r e g i o n s  can be u t i l i z e d  i n  an " i n t e g r a t e d  
d e s i g n  approach . "  t hen  combus to r /nozz le  d e s i g n  may 
b e n e f i t  s u b s t a n t i a l l y .  
Improvements Requ i red  
A t  t he  p r e s e n t  t i m e ,  t h e  d e s i g n  o f  a l ow  d r a g  
h i g h l y  e f f i c i e n t  i n l e t  has n o t  been demons t ra ted .  
I t  must be n o t e d  h e r e  t h a t  t h e  geomet r i es  computed 
a r e  e x t r e m e l y  s i m p l e  and, t o  a l a r g e  e x t e n t ,  t h e  
compu ta t i ons  a r e  c o n c e n t r a t e d  on d e v e l o p i n g  a f u n -  
damental u n d e r s t a n d i n g  o f  g l a n c i n g  shock lboundary  
l a y e r  b e h a v i o r  w i t h i n  an i n l e t .  The r e s u l t s  
o b t a i n e d  y i e l d  a c l e a r  p i c t u r e  o f  t h e  p h y s i c s  asso- 
c i a t e d  w i t h  t h e  compress ion p r o c e s s .  O b s e r v a t i o n s  
on h i g h  s p e e d  i n l e t s  v e r i f y  t h a t  t h e  secondary 
f l o w  r e g i o n s  do i n  f a c t  o c c u r ,  as p r e d i c t e d  b y  t h e  
numer i ca l  code. So f a r .  t h e r e f o r e ,  t h e  n u m e r i c a l  
r e s u l t s  p r o v i d e  r e a l i s t i c  answers.  However, r e a l  
i n l e t s  a r e  more complex i n  shape, may have movable 
geometry ,  w i l l  s p i l l  f l o w  o v e r  a wide Mach number 
range ,  w i l l  p r o b a b l y  i n c l u d e  b l e e d  a t  low Mach 
number f l i g h t  and b l o w i n g  a t  t h e  h i g h e r  speeds. 
I n  a d d i t i o n ,  some means for  shock c o n t r o l  and e l i m -  
i n a t i o n  o f  buzz and u n s t a r t  w i l l  be r e q u i r e d .  A 
d e s i g n  CFD code,  then ,  would r e q u i r e  a f u l l  t h r e e -  
d i m e n s i o n a l ,  t i m e  a c c u r a t e  Nav ie r -S tokes  code capa- 
b l e  o f  h a n d l i n g  s p i l l a g e  and mass a d d i t i o n  o r  
remova l .  C u r r e n t l y ,  t h e s e  i n d i v i d u a l  e f f e c t s ,  such 
as s p i l l a g e ,  have been computed f o r  s t e a d y  i n l e t  
f l o w s  w i  t h  s i  mpl i f  i ed geomet r i es  . l 3  However, 
i n c o r p o r a t i o n  o f  a l l  o f  t hese  f e a t u r e s  i n t o  a t i m e  
a c c u r a t e  computer code w i l l  make e f f i c i e n t  computa- 
t i o n s  a l l  b u t  i m p o s s i b l e .  I t  i s  w o r t h  n o t i n g  t h a t  
t h e  s imp le  geometry  shown i n  F i g .  1 was t e s t e d  and 
found  t o  e x h i b i t  uns teady  f l o w ,  a g a i n  s t r e s s i n g  
t h e  need f o r  a t i m e  a c c u r a t e  s o l v e r .  I t  i s  f u r -  
t h e r  n o t e d  t h a t  t h e  i s s u e  o f  d i s p e r s i v e  and d i s s i -  
p a t i v e  e r r o r s  a s s o c i a t e d  w i t h  v a r i o u s  t i m e  a c c u r a t e  
f i n i t e - d i f f e r e n c e  n u m e r i c a l  schemes w i t h  h i g h  g r i d  
d e n s i t y  i s  o n l y  now b e i n g  r i g o r o u s l y  add ressed .14  
P roper  boundary c o n d i t i o n  t r e a t m e n t  i s  a l s o  neces- 
s a r y  t o  a v o i d  d e g r a d i n g  t h e  a c c u r a c y  o f  n u m e r i c a l  
s o l u t i o n s .  Pure a c o u s t i c  r a d i a t i o n  boundary c o n d i -  
t i o n s  do n o t  p r o p e r l y  accoun t  f o r  t h e  e f f e c t s  o f  
uns teady  v o r t e x  shedd ing ,  d i s t u r b a n c e  a m p l i f i c a -  
t i o n  caused by s e p a r a t i o n  and t h e  response due t o  
b o t h  v o r t i c i t y  o s c i l l a t i o n s  and e n t r o p y  waves.14 
on t h e  g e o m e t r i c  c o n f i g u r a t i o n  o f  t h e  i n l e t .  
There a r e  a l s o  a number o f  problems a s s o c i a t e d  
w i t h  u n d e r s t a n d i n g  t h e  fundamenta l  flow p h y s i c s  
and our a b i l i t y  to model them. These p h y s i c s  a r e  
a s s o c i a t e d  w i t h  t h e  t r a n s i t i o n  o f  t h e  boundary 
l a y e r  and t h e  n a t u r e  o f  t h e  t u r b u l e n c e  m o d e l i n g .  
C u r r e n t l y ,  t h e r e  i s  no  way t o  d e t e r m i n e  where t h e  
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Up t o  t h i s  p o i n t ,  t h e  d i s c u s s i o n  has c e n t e r e d  
boundary l a y e r  beg ins  t o  t r a n s i t i o n  f r o m  l a m i n a r  
t o  t u r b u l e n t ,  as w e l l  as t h e  l e n g t h  o f  t h e  t r a n s i -  
t i o n  zone. The s t a t e  o f  t h e  boundary l a y e r  a t  
h y p e r s o n i c  speeds i s  unknown, and r e l a m i n a r i z a t i o n  
may o c c u r  i n  an u n p r e d i c t a b l e  manner. D i r e c t  
numer i ca l  s i m u l a t i o n  may p r o v i d e  an approach f o r  
t r a n s i t i o n  m o d e l i n g  a t  h i g h  speeds. 
R e a c t i n g  Flow Code 
Numer ica l  Schemes 
A r e p r e s e n t a t i v e  code f o r  t h e  a n a l y s i s  o f  com- 
b u s t o r  f l o w  f i e l d s  i s  d e s c r i b e d  i n  R e f .  15. The 
t h r e e - d i m e n s i o n a l  code employs an i m p l i c i t  f i n i t e  
volume, lower-upper  (LU) t i m e  march ing  method t o  
s o l v e  t h e  comp le te  Nav ie r -S tokes  and spec ies  equa- 
t i o n s  i n  a f u l l y - c o u p l e d  and e f f i c i e n t  manner. The 
h y d r o g e n - a i r  c h e m i s t r y  model i n c l u d e s  n i n e  spec ies  
and e i g h t e e n  r e a c t i o n  s t e p s .  The code has been 
demons t ra ted  for normal hydrogen i n j e c t i o n  i n t o  
superson ic  a i r s t r e a m s  f o r  n o n r e a c t i n g  f l o w  and a l s o  
compared to o t h e r  n u m e r i c a l  schemes. The LU code, 
i n  i t s  two -d imens iona l  v e r s i o n ,  i n c o r p o r a t e s  com- 
p r e h e n s i v e  r e a l  gas p r o p e r t y  models t o  accoun t  f o r  
h i g h  tempera tu re  f lows, and i n c l u d e s  f i n i t e  r a t e  
or e q u i l i b r i u m  c h e m i s t r y .  The code,  RPLUS, i s  
f o r m u l a t e d  based on e i g e n v a l u e  u p w i n d i n g .  The 
scheme has t h e  e f f i c i e n c y  and r o b u s t n e s s  o f  an 
i m p l i c i t  scheme, w i t h  an o p e r a t i o n a l  c o u n t  compara- 
b l e  t o  t h a t  o f  an e x p l i c i t  scheme. Th is  f e a t u r e  
o f  t h e  code i s  o f  c r i t i c a l  impor tance  for  t h r e e -  
d imens iona l  c a l c u l a t i o n s  o f  a l a r g e  system o f  equa- 
t i o n s  for r e a c t i n g  f l o w s .  V e c t o r i z a t i o n  o f  t h e  
code i s  pe r fo rmed  by a r e o r g a n i z a t i o n  o f  t h e  
i n d i c e s  o f  t h e  g r i d  p o i n t s  for  p a r a l l e l  p r o c e s s i n g  
p l a n e s .  
Now, we c o n s i d e r  t h e  case o f  a s i m p l e  or c rude  
combustor  wh ich  u t i l i z e s  some hydrogen i n j e c t i o n  
from a s i n g l e  or doub le  w a l l  p o s i t i o n  i n t o  a Mach 4 
f r e e s t r e a m  (see  F i g .  7 ) .  For t h e  purpose of p e r -  
f o r m i n g  c o m p u t a t i o n s ,  we assumed t h e  t e m p e r a t u r e  
o f  t h e  hydrogen was s e t  a t  700 K and t h e  a i r s t r e a m  
a t  1300 K.  The boundary c o n d i t i o n s  i n c l u d e  n o - s l i p  
and a d i a b a t i c  t o p  w a l l ,  w i t h  g r a d i e n t s  o f  v a r i a b l e s  
i n  t h e  s t reamwise  d i r e c t i o n  assumed t o  be z e r o .  
Symmetry boundary c o n d i t i o n s  a r e  assumed a t  b o t h  
s i d e  w a l l s  and b o t t o m  w a l l .  G r i d  s i z e s  r e q u i r e d  
f o r  r e s o l u t i o n  o f  t h e  j e t  i n t e r a c t i o n  f e a t u r e s  
were on t h e  o r d e r  of 60 by 40 by 40 ( x , y . z )  w i t h  
c l u s t e r i n g  i n  b o t h  x and z for  j e t  r e s o l u t i o n  and 
y c l u s t e r i n g  for boundary l a y e r  r e s o l u t i o n .  I t  
s h o u l d  be re-emphasized t h a t  t h e  case under  c o n s i d -  
e r a t i o n  r e p r e s e n t s  o n l y  a s m a l l  p o r t i o n  o f  a r e a l -  
i s t i c  combustor  geometry .  I n  o t h e r  words, t h i s  
r a t h e r  l a r g e  c o m p u t a t i o n  i s  o n l y  a " u n i t  p rob lem"  
a s s o c i a t e d  w i t h  one o f  t h e  p r o p u l s i o n  components. 
The r e s u l t s  o b t a i n e d  w i t h  t h i s  n u m e r i c a l  code and 
t h e  g r i d  d i s c u s s e d  y i e l d  a g r e a t  d e a l  o f  t h e  phys- 
i c s  i n h e r e n t  i n  t h e  i n j e c t i o n  p r o c e s s .  Observa- 
t i o n s  r e g a r d i n g  j e t  i n t e r a c t i o n  phenomena made o v e r  
t h e  l a s t  20 y e a r s  a r e  a c c u r a t e l y  r e p l i c a t e d  by t h e  
code. I t  i s  n o t e d  t h a t  i n  t h e  s e c t i o n  e n t i t l e d  CFD 
V a l i d a t i o n  t h e  a b i l i t y  t o  c a p t u r e  d i s c o n t i n u i t i e s  
was men t ioned  as one o f  t h e  i m p o r t a n t  numer i cs  
i s s u e s .  I n  t h a t  r e g a r d ,  t h e  r e c e n t  work by Shuen 
and L i o u 1 6  was d i r e c t e d  toward  a f l u x  s p l i t t i n g  
a l g o r i t h m  f o r  v i s c o u s  flows w i t h  n o n e q u i l i b r i u m  
c h e m i s t r y .  Upwind TVD d i f f e r e n c i n g  was used w i t h  
a Roe f l u x  s p l i t t i n g  scheme. 
Frozen c h e m i s t r y  and i d e a  gas assumpt ions  w e r e  used 
i n  a sample c a l c u l a t i o n  f o r  t h e  s i n g l e  j e t  i n j e c -  
t i o n  case d e s c r i b e d  above. 
N o n e q u i l i b r i u m ,  
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C x n p u t i d  c3smbustor R e s u l t s  
F i g u r e s  8 and 9 show a t y p i c a l  Mach number 
and tempera tu re  c o n t o u r  on y z  p l a n e s  f o r  v a r i o u s  x 
l o c a t i o n s .  Yu e t  a l . l 5  d e s c r i b e  t h e i r  computa- 
t i o n s  i n  the  f o l l o w i n g  manner, wh ich  r e l a t e s  t o  
the  i m p c r t a n t  p h y s i c a l l c h e m i c a l  phenomena: " J u s t  
b e h i n d  the  i n j e c t i n g  o r i f i c e ,  t h e  Mach number con- 
t o u r :  show a s t r o n g  bow shock v e r y  c l o s e  t o  t h e  
w a l l .  Under t h e  bow shock, t h e  c i r c u l a r  Mach num- 
b e r  c o n t o u r  i n d i c a t e s  t h e  e x i s t e n c e  o f  t h e  b a r r e l  
shock s t r u c t u r e s .  The j e t  has been b e n t  and f l o w s  
a l m o s t  p a r a l l e l  t o  t h e  p r i m a r y  flow. The p e n e t r a -  
t i on  o f  t h e  j e t  i n c r e a s e s  as t h e  f low goes down- 
s t ream. The shape o f  t h e  j e t  a l s o  deforms as t h e  
f l o w  goes downstream due to t h e  presence o f  t h e  
s t reamwise v o r t i c i t y  i n  t h e  l e e  o f  t h e  i n j e c t o r .  
The secondary m o t i o n  formed by two c o u n t e r - r o t a t i n g  
v o r t i c e s  g i v e s  t h e  b e n t - o v e r  j e t  a k i d n e y  shape. 
I n  t h e  tempera tu re  c o n t o u r  p l o t s ,  t h e  h o t t e s t  
r e g i o n  i s  a l o n g  t h e  w a l l  because of t h e  v i s c o u s  
d i s s i p a t i o n  i n  t h e  h i g h  speed f low enhanced by t h e  
combus t ion  o f  t h e  H2 and a i r .  Away f r o m  t h e  w a l l ,  
by compar ing t h e  Mach number p l o t s  and t h e  tempera- 
t u r e  p l o t s ,  i t  i s  e v i d e n t  t h a t  t h e  tempera tu re  
i n c r e a s e s  a f t e r  t h e  bow shock. F u r t h e r  downstream 
a t h i n  f l a m e  zone c h a r a c t e r i z e d  by h i g h e r  tempera- 
t u r e  i s  deve loped .  V i g o r o u s  chemical  r e a c t i o n  
o c c u r s  i n  the  f l ame z o n e . "  Mach number c o n t o u r s  
a r e  a l s o  shown for  t h e  xy p l a n e  a c r o s s  t h e  o r i f i c e  
f o r  b o t h  the  s i n g l e  ( F i g .  10) and doub le  j e t  
( F i g .  1 1 )  i n j e c t i o n  c o m p u t a t i o n .  Fea tu res  near  
t h e  i n j e c t i o n  o r i f i c e ( s )  i n d i c a t e d  t h e  p resence  o f  
a b a r r e l  shock s t r u c t u r e .  S e p a r a t i o n  and r e a t t a c h -  
ment f e a t u r e s  ups t ream and downstream o f  t h e  j e t s  
a r e  a l s o  c l e a r l y  d i s c e r n i b l e .  I n  t h e  d u a l  i n j e c -  
t i o n  case,  b lockage  caused by t h e  f i r s t  j e t  a l l o w s  
t h e  second j e t  t o  p e n e t r a t e  f u r t h e r  i n t o  t h e  f r e e -  
s t ream due t o  s t r o n g e r  expans ion .  T h i s  b e h a v i o r  
i s  c o n s i s t e n t  w i t h  t h e  p e n e t r a t i o n  c o r r e l a t i o n  pub- 
l i s h e d  by P o v i n e l l i  e t  a l . , 1 7  i n  t h a t  t h e  f r e e -  
s t ream momentum d e f i c i t  app roach ing  t h e  j e t  i s  one 
o f  t h e  pa ramete rs  g o v e r n i n g  j e t  p e n e t r a t i o n .  
Improvements R e q u i r e d  
So f a r ,  w e  have shown t h a t  f o r  f l u s h ,  s i n g l e  
and dua l  w a l l  i n j e c t i o n ,  n u m e r i c a l  compu ta t i ons  
p r o v i d e  r e a l i s t i c  answers.  The r e s u l t s ,  however, 
canno t  be ex tended  for l e n g t h y  downstream d i s -  
tances w i t h  the  g r i d  r e s o l u t i o n  o b t a i n e d  a round  
t h e  j e t s .  due to computer  l i m i t a t i o n s .  H o p e f u l l y ,  
once t h e  j e t  r e g i o n s  a r e  computed, one c o u l d  p r o -  
ceed w i t h  d i f f e r e n t ,  c o a r s e r  g r i d s  downstream. 
Some of t h e  g e n e r a l  f low f i e l d  p r o p e r t y  d i s t r i b u -  
t i o n s  would need t o  be passed on t o  t h e  new g r i d .  
We must f u r t h e r  c o n s i d e r  t h a t  w a l l  j e t  p e n e t r a t i o n  
i s  l i m i t e d  i n  t e r m s  o f  p r o v i d i n g  f u e l  d i s t r i b u t i o n  
i n  s u p e r s o n i c  s t reams.  F l u s h  w a l l  j e t  p e n e t r a t i o n  
i s  on t h e  o r d e r  o f  10 o r i f i c e  d i a m e t e r s . 1 7  For 
t h a t  r e a s o n ,  d e v i c e s  l i k e  s t r u t s  wh ich  span t h e  
combustor  c o m p l e t e l y 1 *  or p a r t i a l  l y 1 9  a r e  r e q u i r e d  
f o r  d i s t r i b u t i o n  o f  f u e l .  The n u m e r i c a l  codes 
mus t .  t h e n ,  be capab le  o f  m u l t i p l e  w a l l  and s t r u t  
i n j e c t i o n  f rom many p o i n t s  on t h e  s o l i d  s u r f a c e s .  
W i t h  p a r t i a l  swept s t r u t s ,  a t y p i c a l  ar rangement  
m i g h t  i n c l u d e  20 i n j e c t i o n  p o r t s  f rom t h e  r i d  e 
l i n e  and t r a i l i n g  edge o f  each o f  s i x  ~ t r u t s , ~ g  as 
w e l l  as s e l e c t e d  combustor  w a l l  l o c a t i o n s  o f  a 
comparable number. C l e a r l y ,  our n u m e r i c a l  a b i l i t y  
to p e r f o r m  t h i s  t a s k  i s  n o t  p o s s i b l e .  O t h e r  
approaches t o  combustor  d e s i g n  may be p o s s i b l e .  
For example,  t h e  p o s s i b i l i t y  o f  enhanced m i x i n g  b y  
t h e  s t reamwise g e n e r a t i o n  o f  v o r t i c i t y  has been 
suggestedZo and addressed i n  a number o f  iways.21.22 
V o r t i c i t y  g e n e r a t i o n  has been found  s u c c e s s f u l  f o r  
j e t  eng ine  exhaus t  f l o w s z 3  and i s  c u r r e n t l y  under 
s t u d y  a t  many l a b o r a t o r i e s  for s u p e r s o n i c  s t reams.  
S i n c e  most of t h e  g e n e r a t i o n  o c c u r s  t h r o u g h  an 
i n v i s c i d  mechani sm,23 t h e  concep t  s h o u l d  work 
e q u a l l y  w e l l  i n  superson ic  s t reams.  S ince  i t  has 
been shown i n  t h e  p r e c e d i n g  s e c t i o n ,  I n l e t s ,  t h a t  
a t y p i c a l  h i g h  speed i n l e t  genera tes  v o r t e x  f l o w ,  
t h i s  flow phenomenon c o u l d  be u t i l i z e d  as i t  
passes downstream, t o  enhance combustor  m i x i n g .  
Vo r tex -shock  i n t e r a c t i o n s z 4  and shock-shear  l a y e r  
i n t e r a c t i o n s 2 5  have a l s o  been p o s t u l a t e d  f o r  t h e  
purpose o f  enhanced m i x i n g .  However, t hese  phenom- 
ena have so f a r  p roven  o f  l i m i t e d  v a l u e  f o r  t h e  
improvement o f  m i x i n g .  
under  c o n t i n u e d  i n v e s t i g a t i o n .  Research on " e x p l o -  
s i v e  g rowth "  i n  shear  l a y e r  s t a b i l i t y  underway a t  
NASA L e w i ~ ~ 6 . * ~  may p r o v i d e  some a s s i s t a n c e  i n  t h i s  
p rob lem.  Regard less  o f  t h e  u n d e r s t a n d i n g  wh ich  
w i l l  deve lop  o v e r  t h e  n e x t  f e w  y e a r s ,  t h e  numer i -  
c a l  a n a l y s i s  w i l l  r e q u i r e  e x t e n s i v e  computer capa- 
b i l i t i e s  t o  h a n d l e  t h e  geomet r i es  wh ich  e v o l v e .  
I t  i s  u n l i k e l y  t h a t  s i m p l e  combustor  geomet r i es  
w i l l  s a t i s f y  t h e  r e q u i r e m e n t  f o r  t h i s  p r o p u l s i o n  
sys tem. 
t r y  t o  a g r e a t  e x t e n t .  There i s ,  however, even a 
g r e a t e r  p r o b l e m  a s s o c i a t e d  w i t h  t h e  fundamenta l  
phenomena of t u r b u l e n t  combus t ion  and o u r  a b i l i t y  
t o  model i t .  A l t h o u g h  a g r e a t  d e a l  o f  r e s e a r c h  
has been c a r r i e d  o u t ,  t h e  n a t u r e  o f  t h e  i n t e r a c -  
t i o n  between t h e  f l u c t u a t i n g  f low f i e l d  and t h e  
chemica l  r e a c t i o n  s teps  or processes  i s  n o t  under-  
s tood .  S imp le  approaches r e l a t e d  t o  t h e  g r o s s  f e a -  
t u r e s  o f  r e l a t i v e l y  i d e a l  b u r n e r  b e h a v i o r  have been 
made, such as f lame p r o p a g a t i o n  i n  t u r b u l e n t  m i x -  
t u r e s .  Those f e a t u r e s  s t u d i e d  have r e l a t e d  t o  
changes i n  f l a m e  speed due t o  i n c r e a s i n g  s u r f a c e  
a r e a  and i n c r e a s i n g  t r a n s p o r t  b u t  have n o t  s p e c i f i -  
c a l l y  d e a l t  w i t h  how t h e  f l o w  f i e l d  m o d i f i e s  t h e  
chemica l  r e a c t i o n  scheme. The p r o p e r  m o d e l i n g  o f  
t u r b u l e n t  flow r e a c t i o n  rema ins  as a key  r e q u i r e -  
ment f o r  t h e  CFD o f  combus to rs .  
e v a l u a t i o n  of t h e  mean sou rce  (or s i n k )  o f  t h e  
chemica l  s p e c i e s  due t o  chemica l  r e a c t i o n s  r e p r e -  
s e n t s  a m a j o r  u n s o l v e d  d i f f i c u l t y .  The f o r m a t i o n  
(o r  d e s t r u c t i o n )  r a t e s  a r e  n o n l i n e a r  f u n c t i o n s  o f  
t e m p e r a t u r e  and s p e c i e s  c o n c e n t r a t i o n s  and thus  
knowledge o f  t h e  mean-valued p r o p e r t i e s  i s  i n s u f f i -  
c i e n t  to e v a l u a t e  t h e  mean f o r m a t i o n  r a t e .  For 
example, i n  f i n i t e  r a t e  c h e m i s t r y  models ,  t h e  mean 
f o r m a t i o n  r a t e  c a l c u l a t e d  by u s i n g  t h e  mean-value 
t e m p e r a t u r e  and s p e c i e s  c o n c e n t r a t i o n  i n  t h e  A r r h e -  
n i u s  form w i l l  l e a d  t o  errors up t o  t h r e e  o r d e r s  
o f  magn i tude .  F o r m a l l y ,  t h e  mean r e a c t i o n  r a t e  
c o u l d  be o b t a i n e d  by decomposing t h e  t e m p e r a t u r e .  
d e n s i t y ,  and mass f r a c t i o n s  a p p e a r i n g  t h e r e i n  i n t o  
mean and f l u c t u a t i n g  components, t h e n  t a k i n g  t h e  
t i m e  (or F a v r e )  ave rage .  The r e s u l t i n g  e q u a t i o n s  
i n v o l v e  many second o r d e r  moments wh ich  need t o  
be s o l v e d  by e x t r a  t r a n s p o r t  e q u a t i o n s  or t o  be 
modeled. I n  t h i s  approach,  t h e  n e g l e c t  o f  t h e  c o r -  
r e l a t i o n  g r e a t e r  t han  second o r d e r  terms i s  u n s a t -  
i s f a c t o r y  and l e a d s  t o  e r roneoux  s o l u t i o n s ,  w h i l e  
t h e  r e t e n t i o n  of t h e  h i g h e r  o r d e r  t e r m  r e n d e r s  t h e  
approach i n t r a c t a b l e  .28 
The v a r i o u s  phenomena d e s c r i b e d  above a r e  a l l  
So f a r ,  we have d i s c u s s e d  t h e  combustor  geome- 
For t u r b u l e n t  chemica l  r e a c t i n g  f l o w s ,  t h e  
5 
The most c o n v e n i e n t  way to c i r c u m v e n t  t h i s  
p rob lem i s  t o  use p r o b a b i l i t y  d e n s i t y  f u n c t i o n  
( p d f )  method. About t h e  s i m p l e s t  and most p o p u l a r  
approach I S  t o  s p e c i f y  a two-parameter  form o f  t h e  
p d f  i n  terms o f  mean and v a r i a n c e  of t h e  conserved 
s c a l a r .  The t r a n s p o r t  e q u a t i o n s  a r e  r e a d i l y  
o b t a i n e d  from t h e  c o n s e r v a t i o n  o f  mass and chemi- 
c a l  s p e c i e s .  By s o l v i n g  these  two e q u a t i o n s ,  t h e  
p d f  a t  each l o c a t i o n  f o r  t h e  whole f l o w f i e l d  can 
be o b t a i n e d .  N e x t ,  i f  t h e  c o r r e l a t i o n  i s  known 
be tveen  t h e  conserved s c a l a r  and t h e  chemical  spe- 
c i e s  c o n c e n t r a t i o n  ( w h i c h  i s  u s u a l l y  c a l c u l a t e d  b y  
e q u i l i b r i u m  method) .  t h e n  the  d i s t r i b u t i o n  o f  t h e  
chemical  spec ies  c o n c e n t r a t i o n  can be o b t a i n e d  by 
p e r f o r m i n g  a s t r a i g h t  f o r w a r d  i n t e g r a t i o n .  T h i s  
method s t r o n g l y  coup les  t h e  t u r b u l e n c e  and chemical  
r e a c t i o n s .  However, t h e  c h o i c e  o f  t h e  pdf form and 
t h e  usage o f  e q u i l i b r i u m  assumpt ion  i n e v i t a b l y  l e a d  
t o  e r r o r s  i n  p r e d i c t e d  r e s u l t s .  There a r e  more 
complex approaches a l o n g  t h e  same l i n e ,  f o r  example, 
t h e  t w o - v a r i a b l e  f o r m a l i s m  adopted by J a n i c k a  and 
Kol lmann2g f o r  t h e  H 2 / a i r  f l a m e .  
r e a c t i o n  p r o g r e s s  v a r i a b l e  was i n t r o d u c e d  t o  des- 
c r i b e  completeness o f  t h e  th ree -body  r e a c t i o n s  w h i l e  
t h e  two-body r e a c t i o n s  a r e  assumed t o  be i n  e q u i -  
l i b r i u m .  Thus t h e  j o i n t  pdf f o r  m i x t u r e  f r a c t i o n  
and r e a c t i o n  p r o g r e s s  v a r i a b l e  i s  needed t o  d e t e r -  
mine the  thermochemical  s t a t e  o f  t h e  f l o w f i e l d . 2 8  
Nozz le  CFD A n a l y s i s  
A s i n g l e  combined 
Numer ica l  Schemes 
I n  o r d e r  to i l l u s t r a t e  n o z z l e  CFD c a p a b i l i t y ,  
a number o f  n u m e r i c a l  schemes may be chosen. 
R u f f i n  e t  a l . 3 0  have used a Reynolds averaged 
Navier - -Stokes s o l v e r  wh ich  c o n t a i n s  a LDU-AD1 
scheme w i t h  Roe a v e r a g i n g  and MUSCL d i f f e r e n c i n g .  
The a l g o r i t h m  i s  d i a g o n a l  i n  s t r u c t u r e  and r e q u i r e s  
m in ima l  CPU pe r  i t e r a t i o n .  Laminar  n o n r e a c t i n g  
compu ta t i ons  o f  a n o z z l e  exhaus t  f low f i e l d  were 
made u s i n g  two p a t c h e d  g r i d s  t o  model t h e  geometry .  
The f i r s t  g r i d  c o n s i s t e d  o f  20 b y  99 b y  35 g r i d  
p o i n t s  and t h e  second g r i d  c o n t a i n e d  51 by 99 by 
5 2  g r i d  p o i n t s .  Baysa l  e t  a I . 3 l  used two N a v i e r -  
S tokes  n u m e r i c a l  schemes t o  compute n o z z l e  f l o w s .  
B o t h  schemes were two-d imens iona l .  One scheme was 
an i m p l i c i t ,  upwind s o l u t i o n  and c o n s t a n t  y .  t h e  
second scheme was an e x p l i c i t  MacCormack and had 
v a r i a b l e  y. Baldwin-Lomax t u r b u l e n c e  m o d e l i n g  
was used,  and t h e  g r i d  d imens ions  were 155 b y  131. 
L a i  and Nelson3* used t h e  t h r e e - d i m e n s i o n a l  PARC 
N a v i e r - S t o k e s  code t o  compute nonax isymmet r i c  noz- 
z l e  f l o w s .  The n u m e r i c a l  scheme i n  PARC employs 
t h r e e  p o i n t  c e n t r a l  d i f f e r e n c i n g  u n i f o r m l y  th rough-  
o u t  t h e  f l o w  f i e l d  to approx ima te  s p a t i a l  d e r i v a -  
t i v e s .  Second and f o u r t h  o r d e r  Jameson t y p e  
a r t i f i c i a l  d i s s i p a t i o n  i s  i n c l u d e d .  D i a g o n a l i z a -  
t i o n  o f  t h e  i n v i s c i d  t e r m s  s i m p l i f i e d  t h e  b l o c k  
p e n t a d i a g o n a l  system o f  e q u a t i o n s  t o  a s c a l a r  pen- 
t a d i a g o n a l  system. The n u m e r i c a l  scheme employs 
an AD1 Beam and Warming approx ima te  f a c t o r i z a t i o n .  
I n  g e n e r a l ,  t h e  boundary c o n d i t i o n s  assume mid-  
p l a n e  spanwise symmetry, w i t h  no s l i p  v e l o c i t y  and 
a d i a b a t i c  w a l l  t e m p e r a t u r e .  For  t h e  e x t e r n a l  f a r  
f i e l d ,  q u i e s c e n t  a i r  a t  normal c o n d i t i o n s  i s  
assumed and n o z z l e  e x i t  p l a n e  c o n d i t i o n s  a r e  s p e c i -  
f i e d .  St reamwise f l u x  g r a d i e n t s  a t  t h e  o u t f l o w  
boundary a r e  assumed n e g l i g i b l e .  
Nozz le  R e s u l t s  
R u f f i n  e t  a l . 3 0  
Th ree -d imens iona l  l a m i n a r  compu ta t i ons  by 
were made f o r  a f l i g h t  Mach number 
o f  7 .3 .  The geometry  chosen was t h a t  o f  a c o r r e -  
sponding e x p e r i m e n t a l  c o n f i g u r a t i o n  ( F i g .  1 2 ) .  
The g r i d  zones chosen f o r  t h e  n u m e r i c a l  ; tudy a r e  
shown i n  F i g .  13.  The f i r s t  g r i d  i s  used f o r  c a l -  
c u l a t i o n s  up t o  t h e  n o z z l e  e x i t  p l a n e  f o l l o w e d  by 
i n t e r p o l a t i o n  o f  d a t a  t o  t h e  second g r i d .  The 
i n t e r n a l  n o z z l e  f l o w  a t  t h e  e x i t  p lane  i s  modeled 
by s p e c i f y i n g  boundary l a y e r  p r o f i l e s .  The comou- 
t e d  Mach number c o n t o u r s  i n  t h e  symmetry p l a n e  and 
t h e  two c r o s s - f l o w  p l a n e s  a r e  shown i n  F i g .  14, 
w i t h  t h e  f o r e b o d y  a t  0". a f t e r b o d y  ramp i n  the  noz- 
z l e  b l o c k  r e g i o n  a t  15". and t h e  i o n g  expans ion  
p l a t e  a t  20". A complex i n t e r a c t i o n  may be seen 
i n  t h e  plume where t h e  bow shock and the  s i d e  edge 
v o r t e x  come t o g e t h e r .  A l s o ,  t h e  ramp shock gener-  
a t e d  on t h e  windward ramp causes h i g h  p r e s s u r e  f l o w  
t o  move t o  t h e  l eeward  r e g i o n .  F i g u r e  15  shows the  
p r e d i c t e d  p a r t i c l e  t r a c e s  on t h e  ramp expans ion  
s u r f a c e .  I n  t h e  words o f  R u f f i n ,  t h e  r e s u l t s  a r e  
d i s c u s s e d  i n  terms o f  t h e  p h y s i c a l  processes t a k i n g  
p l a c e :  " F i g u r e  15 ( o r i g i n a l  i n  c o l o r )  a l l o w s  t h e  
i d e n t i f i c a t i o n  o f  s e v e r a l  f low f e a t u r e s  near  t h e  
body s u r f a c e .  The t u r n i n g  o f  t h e  o i l  t r a c e s  corre- 
sponds t o  t u r n i n g  o f  t h e  h i g h  p r e s s u r e  f low f r o m  
t h e  s i d e  edge o f  t h e  ramp and above t h e  n o z z l e  
b l o c k  toward  t h e  low p r e s s u r e  expanded f low above 
t h e  ramp. O t h e r  t r a c e s  converge o n t o  t h e  separa-  
t i o n  l i n e  o f  a v o r t e x  near  t h e  s i d e  edge o f  t h e  
ramp. A d d i t i o n a l  t r a c e s  c o r r e s p o n d  t o  a s e p a r a t i o n  
bubb le  a t  t h e  l o c a t i o n  j u s t  a f t e r  t h e  ramp a n g l e  
t r a n s i t i o n s  from 15" t o  ZOO. F i n a l l y ,  t h e  f o o t -  
p r i n t  o f  t h e  shear  l a y e r  i s  shown by t h e  p a r t i c l e  
t r a c e s  near  t h e  f a r  edge of t h e  ramp. I t  s h o u l d  
be n o t e d  t h a t  t h e  p r e d i c t e d  s e p a r a t i o n  t h a t  o c c u r s  
o n  t h e  ramp may be i nduced  b y  t h e  assumpt ion  o f  
l a m i n a r  f l o w .  T h i s  f e a t u r e  may n o t  be p r e s e n t  i n  
t h e  e x p e r i m e n t a l  f low f i e l d ,  wh ich  w i l l  be t u r b u -  
l e n t . "  I t  i s  n o t e d  he re  t h a t  R u f f i n ' s  compu ta t i ons  
were c a r r i e d  o u t  i n  o r d e r  to  p r o v i d e  i n f o m a t i o n  
r e l a t i v e  t o  t h e  d e s i g n  o f  a n o z z l e  v a l i d a t i o n  
e x p e r i m e n t .  The proposed e x p e r i m e n t a l  model i s  
f a i r l y  s i m p l e  r e l a t i v e  t o  an exhaus t  module o f  a 
NASP t y p e  v e h i c l e .  I n  s p i t e  o f  t h e  s i m p l i c i t y  o f  
t h e  model ,  t h e  computed r e s u l t s  v e r y  c l e a r l y  p o i n t  
o u t  t h e  c o m p l e x i t y  o f  f low p a t t e r n s  t h a t  a r i s e  
under  t h e s e  c o n d i t i o n s .  
I n  an e f f o r t  t o  p r o v i d e  b e t t e r  d e f i n i t i o n  o f  
t h e  n o z z l e  f l o w  f i e l d  f e a t u r e s ,  use o f  a d a p t i v e  
g r i d d i n g  has been s t u d i e d  b y  Hsu.33 F i g u r e  16 
shows t h e  Mach number c o n t o u r s  and g r i d  u s i n g  a 
r e g u l a r  g r i d  ( F i g .  16 (a )  and ( b ) )  and u s i n g  an 
a d a p t i v e  g r i d  ( F i g .  1 6 t c )  and ( d ) ) .  These computa- 
t i o n s  were c a r r i e d  o u t  on a s i m p l e  n o z z l e  shape 
u s i n g  a 81 b y  201 r e g u l a r  g r i d .  G r i d  a d a p t i o n  was 
c a r r i e d  o u t  i n  t h e  y d i r e c t i o n  o n l y  i n  t h e  r e g i o n  
above t h e  c o w l .  F i g u r e  16 shows t h a t  t h e  use o f  
a d a p t i v e  g r i d  y i e l d s  a s h a r p e r  shock and t h i n n e r  
boundary l a y e r  as w e l l  as d i m i n i s h i n g  t h e  l a r g e  
r e g i o n  of shock i nduced  boundary l a y e r  s e p a r a t i o n  
where t h e  shock i n t e r s e c t s  t h e  upper  w a l l .  
B a y s a l 3 I  a l s o  used a d a p t i v e  g r i d d i n g  t o  com- 
p u t e  t h e  s t r a i g h t  w a l l  n o z z l e  shown i n  F i g .  1 7 .  
A g a i n ,  t h e  model i s  a f a i r l y  s i m p l e  r e p r e s e n t a t i o n  
of s c r a m j e t  n o z z l e  and a f t e r b o d y .  R e s u l t s  w i t h  
t h e  i m p l i c i t  code a r e  shown i n  F i g .  18 ,  for  nonre -  
a c t i n g  a i r  f r o m  t h e  n o z z l e  and an e x t e r n a l  Mach 
number of 6 .  The n o z z l e / e x t e r n a l  p r e s s u r e  r a t i o  
was a p p r o x i m a t e l y  5 .  The shear  l a y e r  can be seen 
o r i g i n a t i n g  a t  t h e  cowl t i p  w i t h  an expans ion ,  and 
i t  i s  d e f l e c t e d  upwards a t  a b o u t  13". F low expan- 
s i o n  proceeds down t h e  ramp w i t h o u t  s e p a r a t i o n .  
Computed v a l u e s  o f  t h e  s u r f a c e  p r e s s u r e  on ramp 
5 
l -  
.,how qood dgreement w i t h  measured d a t a ,  F i g .  19 .  
The n e x t  c a l c u l a t i o n  b y  B a y s a l 3 I  was c a r r i e d  o u t  
w i t h  the  e x p l i c i t  code men t ioned  i n  t h e  s e c t i o n  
Numer i ca l  Schemes, wh ich  i n c l u d e d  v a r i a b l e  y .  The 
exhaus t  gas used was 50 p e r c e n t  F-12 and 50 p e r c e n t  
a rgon ;  t he  f r e e  s t ream Mach number was 6 .  D e n s i t y  
compar isons a r e  shown i n  F i g .  20 and p r e s s u r e  con- 
t o u r s  i n  F i g .  13.  The expans ion  p rocess  proceeds 
downstream and t h e  shear  l a y e r  d e f l e c t s  upwards a t  
about  Is0. The d e n s i t y  i s  h i g h e r  i n  t h e  shear 
c o r e ,  e i p a n d i n g  back t o  i t s  ups t ream v a l u e .  Sepa- 
r a t i o n  on the e x t e r n a l  cowl s u r f a c e  o c c u r s .  ex tend -  
i n g  a s i g n i f i c a n t  d i s t a n c e  upst ream. 
The compu ta t i ons  o f  L a i  and Ne lson32  were c a r -  
r i e d  o u t  f o r  t h e  n o z z l e  e x p e r i m e n t a l  geometry  o f  Re 
and L e a ~ i t t . 3 ~  The geometry  i s  shown i n  F i g .  21, 
and the  n o z z l e  exhaus t  g r i d s  used a r e  shown i n  
F i g .  2 2 .  The spanwise g r i d  d i s t r i b u t i o n  i s  shown 
i n  F i g .  23.  A t h r e e - d i m e n s i o n a l  c o m p u t a t i o n  was 
c a r r i e d  o u t  ma tch ing  t h e  n o z z l e  o p e r a t i n g  c o n d i -  
t i o n s  $which exhaus t  i n t o  s t i l l  a i r .  St reamwise 
c o n t o u r s  f o r  Mach number a r e  shown a t  f o u r  d i f f e r -  
e n t  spanwise p o s i t i o n s  i n  F i g .  24. F i g u r e  24 (a )  
shows t h e  c o n t o u r s  a t  t h e  n o z z l e  m id -p lane ,  and 
F i g s .  2 4 ( b )  t o  ( d )  move p r o g r e s s i v e l y  o u t w a r d  t o  
t h e  n o z z l e  s i d e w a l l .  B e h a v i o r  o f  t h e  shear  l a y e r  
formed on the  t h r e e - d i m e n s i o n a l  su r face  of t h e  j e t  
i s  c l e a r l y  e v i d e n t ,  as one scans F i g s .  24 and 2 5  
which a r e  t h e  c r o s s - s e c t i o n a l  p l a n e s  i n  t h e  x or 
downstream d i r e c t i o n .  The shear  l a y e r  i s  obse rved  
t o  be h i g h l y  t h r e e - d i m e n s i o n a l  i n  i t s  s t r u c t u r e  
w i t h  s i g n i f i c a n t  v a r i a t i o n s  from t o p  w a l l  t o  b o t -  
tom w a l l  t o  s i d e  w a l l .  Comparisons o f  t h e  com- 
p u t e d  w a l l  p r e s s u r e  w i t h  e x p e r i m e n t a l  d a t a ,  
F i g .  2 6 ,  show good agreement for  b o t h  s u r f a c e s .  
Improvement: Requ i red  
I n  a l l  o f  t h e  cases d e s c r i b e d  so f a r .  t h e  
n o z z l e  e n t r a n c e  f low f i e l d  was u n i f o r m  and nonre -  
a c t i n g .  I n  a s c r a m j e t  module,  t h e  combustor  and 
n o z z l e  a r e  v e r y  c l o s e l y  c o u p l e d  wh ich  means t h a t  
n o n u n i f o r m i  t i e s  i n  t e m p e r a t u r e ,  p r e s s u r e  and spe- 
c i e s  c o n c e n t r a t i o n  w i l l  be p r e s e n t  a t  t h e  n o z z l e  
e n t r a n c e .  The s e n s i t i v i t y  o f  t h e  n o z z l e  c o n f i g u r a -  
t i o n  t o  these  n o n u n i f o r m i t i e s  has been a m a t t e r  o f  
deba te  for  some t i m e .  I t  has been p roposed  b y  t h i s  
a u t h o r  t h a t  t h r e e - d i m e n s i o n a l  r e a c t i n g  n o n u n i f o r m  
p r o f i l e s  s h o u l d  be used i n  CFD codes t o  d e t e r m i n e  
t h e  per formance s e n s i t i v i t y  o f  t h e  n o z z l e .  I n  
t h i s  way, i t  would be p o s s i b l e  t o  d e t e r m i n e  what 
p r o f i l e s  a r e  d e s i r a b l e  a t  t h e  n o z z l e  e n t r a n c e  for  
h i g h  pe r fo rmance .  The knowledge o f  t h o s e  p r o f i l e s  
would p r o v i d e  combustor  d e s i g n e r s  w i t h  " t a r g e t s "  
or g o a l s  t o  a c h i e v e  a t  t h e  combustor  e x i t  p l a n e  i n  
t e r m s  o f  p r e s s u r e ,  t e m p e r a t u r e  and c o n c e n t r a t i o n s .  
A s t a r t  on p r o v i d i n g  an answer t o  t h i s  approach 
has been i n i t i a t e d  b y  Tsa i  and who pe r fo rmed  
t h r e e - d i m e n s i o n a l  N a v i e r - S t o k e s  c o m p u t a t i o n s  fo r  a 
r e a c t i n g  h y d r o g e n - a i r  m i x t u r e  as w e l l  as f o r  f r o z e n  
f l o w .  U s i n g  a n u m e r i c a l  scheme based on t h e  LU 
approach o f  Yoon and J a m e ~ o n , ~ ~  p r e s s u r e ,  tempera- 
t u r e  and Mach number d i s t r i b u t i o n s  f o r  b o t h  f l o w  
s o l u t i o n s  have been compared as w e l l  as t h e  OH, 0 
and H mass f r a c t i o n  d i s t r i b u t i o n s .  C a l c u l a t i o n  o f  
t h e  r e l a t i v e  n o z z l e  t h r u s t s  i n  a t y p i c a l  non a x i -  
symmetr ic  c o n f i g u r a t i o n  i s  s t i l l  r e q u i r e d  i n  o r d e r  
t o  s u p p o r t  t he  p r o p o s a l  made b y  t h i s  a u t h o r .  The 
a b i l i t y  t o  compute m u l t i - e x h a u s t  modules i n t e g r a -  
t e d  i n t o  a r e a l i s t i c  a f t b o d y  w i t h  r e a c t i n g  f low 
exhaus t  o v e r  a wide Mach number range  has n o t  y e t  
been demons t ra ted .  
Flow s e p a r a t i o n  a t  t r a n s o n i c  speeds w i l l  
cause s i g n i f i c a n t  d r a g  l o s s e s .  To d a t e ,  no r e a l i s -  
t i c  s i m u l a t i o n  o f  t h e  t r a n s o n i c  reg ime has been 
pe r fo rmed .  S e p a r a t i o n  o f  t he  e x t e r n a l  cowl bound- 
a r y  l a y e r  and i n c o r p o r a t i o n  o f  means t o  p r e v e n t  t h e  
s e p a r a t i o n  a l s o  have n o t  been s i m u l a t e d .  Preven- 
t i o n  methods c o u l d  i n c l u d e  b u r n i n g  or deployment  
o f  a w a l l  s e c t i o n  such as i n  t h e  a f t b o d y .  A s  i n  
t h e  o t h e r  components, t u r b u l e n c e  and t r a n s i t i o n  
m o d e l i n g  rema in  as s i g n i f i c a n t  unknowns. Relami-  
n a r i z a t i o n  o f  t h e  a f t b o d y  boundary l a y e r  i s  a l s o  a 
phenomenon wh ich  c o u l d  o c c u r .  Heat t r a n s f e r  t o  
t h e  a f t b o d y  i s  a l s o  a c o m p u t a t i o n a l  i s s u e  r h i c h  
r e q u i r e s  a s i g n i f i c a n t  amount o f  a t t e n t i o n .  
C o n c l u s i o n s  
Based on t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  paper ,  
i t  i s  e v i d e n t  t h a t  t h e r e  a r e  many p o r t i o n s  o r  f e a -  
t u r e s  o f  a h y p e r s o n i c  p r o p u l s i o n  system t h a t  have 
n o t  been p r o p e r l y  or a c c u r a t e l y  s i m u l a t e d  by numer- 
i c a l  a n a l y s e s .  The i n l e t  b e h a v i o r  and i t s  pe r fo rm-  
ance f o r  b o t h  s t e a d y  and uns teady  o p e r a t i o n  have 
been computed f o r  f a i r l y  s i m p l e  g e o m e t r i e s ,  and 
none of  t h e  compu ta t i ons  i n c o r p o r a t e s  a l l  o f  t h e  
p h y s i c s  wh ich  a r e  known t o  o c c u r .  The d e s i g n  o f  a 
h i g n  e f f i c i e n c y  s u p e r s o n i c  i n l e t ,  des igned  f o r  a 
r e l a t i v e l y  na r row Mach number r a n g e ,  i s  n o t  a s i m -  
p l e  d e s i g n  m a t t e r .  H igh  r e c o v e r y ,  reduced  h e a t  
l o a d ,  p r o p e r  cowl  l i p  d e s i g n  and low s p i l l a g e  d r a g  
a r e  a l l  r e q u i r e d  w h i l e  d e l i v e r i n g  u s a b l e  e x i t  p r o -  
f i l e  c o n d i t i o n s  t o  t h e  combus to r .  I n  t h e  s p i r i t  
o f  a t o t a l l y  i n t e g r a t e d  p r o p u l s i o n  system d e s i g n ,  
t h e  f e a t u r e s  o f  t h e  i n l e t  f l o w  f i e l d  must be con- 
s i d e r e d  as p a r t  o f  t h e  c o m b u s t o r / n o z z l e  d e s i g n .  
Some t h o u g h t s  on t h e  u t i l i z a t i o n  o f  i n l e t  flow f e a -  
t u r e s  f o r  combustor  d e s i g n  were p r e s e n t e d  i n  t h i s  
p a p e r .  I t  i s  n o t e d ,  f i n a l l y ,  t h a t  uns teady  i n l e t  
b e h a v i o r  w i t h  mass a d d i t i o n  and f l o w  s p i l l a g e  must 
be p r o p e r l y  s i m u l a t e d  by n u m e r i c a l  methods i n  o r d e r  
t o  e s t a b l i s h  a r e l i a b l e  d e s i g n .  
I n  t h e  combustor  r e g i o n .  i t  i s  c l e a r  t h a t  o n l y  
c rude  d e s i g n  f e a t u r e s  have been modeled and com- 
p u t e d .  R e a l i s t i c  g e o m e t r i e s ,  i n c o r p o r a t i n g  s t r u t s ,  
wedges and w a l l  i n j e c t i o n  must be computed i n  o r d e r  
t o  p r o v i d e  any d e s i g n  b e n e f i t s .  A s i d e  from t h e  
a d d i t i o n a l  g e o m e t r i c  c o m p l e x i t y  needed, t h e  funda-  
men ta l  n a t u r e  o f  t u r b u l e n c e - c o m b u s t i o n  i n t e r a c t i o n  
rema ins  as a m a j o r  unknown. The p r o p e r  m o d e l i n g  
o f  t h e  uns teady  f l o w  f i e l d ,  b o t h  random and d e t e r -  
m i n i s t i c ,  w i t h  t h e  combus t ion  c h e m i s t r y  rema ins  a 
m a j o r  c h a l l e n g e .  PDF m o d e l i n g  appears t o  be one 
o f  t h e  p r o m i s i n g  avenues t o  pu rsue  i n  t h i s  r e g a r d .  
Nozz le  f l o w s  a r e  c h a r a c t e r i z e d  by i n t r i c a t e  
p a t t e r n s  o f  shock waves and shear  l a y e r s .  The 
asymmetry o f  t h e  n o z z l e ,  combined w i t h  t h e  shear  
l a y e r  p o s i t i o n ,  r e f l e c t  t h e  shocks i n  v a r i o u s  
d i r e c t i o n s .  Shear l a y e r  b e n d i n g  o c c u r s  a t  t h e  
shock i n t e r s e c t i o n  l o c a t i o n s .  The shape and s t r u c -  
t u r e  o f  t h e s e  f e a t u r e s  v a r y  c o n s i d e r a b l y  o v e r  t h e  
f l i g h t  Mach number range  w i t h  t h e  a t t e n d a n t  chang- 
es i n  n o z z l e  back p r e s s u r e .  Much r e m a i n i n g  work 
needs t o  be p e r f o r m e d  on t h e  expans ion  o f  r e a c t i n g  
gases w i t h  p r o p e r l y  modeled e n t r a n c e  p r o f i l e s  o f  
b o t h  flow s t r e a m  a e r o  p r o p e r t i e s  and c o n c e n t r a t i o n  
p r o f i l e s .  I t  has been sugges ted  i n  t h i s  paper  t h a t  
t h e  e f f i c i e n t  d e s i g n  of a h y p e r s o n i c  n o z z l e  s h o u l d  
p roceed  b y  e x p l o r i n g  t h e  b e s t  p r o f i l e s  f o r  opt imum 
n o z z l e  pe r fo rmance .  Those p r o f i l e s  then  p r o v i d e  a 
g o a l  for combustor  e x i t  c o n d i t i o n s .  F u r t h e r  d e f i -  
c i e n c i e s  i n  t h e  n o z z l e  a r e a  a r e  a s s o c i a t e d  w i t h  
7 
. i o n e x i s t e n t  n o d e l i n g  f o r  r e a c t i n g  separa ted  f l o w .  
Numer ica l  a r ? d i c t i o n  o f  t h e  s t a t e  o f  t h e  boundary 
; a y e r  i i  3 1 8 0  n o t  f e a s i b l e .  I n  a d d i t i o n ,  a c c u r a t e  
nea t  t r a n z f e r  compu ta t i ons  for t h e  n o z z l e  w a l l  
l a v e  g e t  t o  be demons t ra ted  o v e r  t h e  range o f  o p e r -  
a t i n g  c s n d i t i o n s .  I n  c l o s i n g ,  i t  i s  i m p o r t a n t  t o  
l o r e  t h a t  r e a l  gas and the rma l  and chemical  non- 
e q u i l i b r i u m  e f f e c t ;  must be c o n s i d e r e d  i n  a l l  o f  
t he  propu1; ion system components a t  t h e  a p p r o p r i -  
a t e  f l i g h t  c o n d i t i o n s .  
,Advances i n  two o t h e r  a reas  a r e  r e q u i r e d .  The 
fir;t advance i n v o l v e s  t h e  f u r t h e r  development  o f  
a c c u r a t e  and e f f i c i e n t  n u m e r i c a l  methods r e q u i r e d  
t o  improve s o l u t i o n  a c c u r a c y  w i t h  an a t t e n d a n t  
r e d u c t i o n  i n  compu t ing  t i m e .  The second advance 
r e l a t e s  t o  computer t e c h n o l o g y  and i n c l u d e s  i s s u e s  
o f  speed, s t o r a g e ,  s t r u c t u r e  and g r a p h i c s .  
I t  i s  n o t  t h e  i n t e n t  o f  t h i s  paper  t o  p r e s e n t  
the  o p i n i o n  t h a t  a r e a l i s t i c  computer s i m u l a t i o n  
for a h y p e r s o n i c  v e h i c l e  poses an i m p o s s i b l e  t a s k .  
Ra the r  t h e  i n t e n t  i s  t o  assess ,  i n  as r e a l i s t i c  a 
f a s h i o n  as p o s s i b l e ,  what i s  a c h i e v a b l e  w i t h  todays 
knowledge,  n u m e r i c a l  codes and computers.  The 
p r o g r e s s  i n  t hese  a reas  has been remarkab le  o v e r  
the  1a;t decade and w i l l  c o n t i n u e  t o  be so i n  t h e  
f u t u r e .  I: i s  w i t h  t h i s  u n d e r s t a n d i n g  t h a t  t h i s  
a u t h o r  i s  c o n f i d e n t  t h a t  a comp le te  s i m u l a t i o n  
o v e r  t h e  e n t i r e  f l i g h t  range  w i l l  be p o s s i b l e  some- 
day.  However, t h e  p r o g r e s s i o n  o f  t h e  s i m u l a t i o n s  
to  t h e  p o i n t  <where d e s i g n  t y p e  i n f o r m a t i o n  can be 
o b t a i n e d ,  such a s  d e s c r i b e d  e a r l i e r  ( P r o p u l s i o n  CFD 
V a l i d a t i o n  s e c t i o n ) ,  can o n l y  o c c u r  i f  t h e  v a l i d a -  
t i o n  p rocess  i s  c a r r i e d  f o r w a r d  w i t h  more r e a l i s t i c  
p r o p u l s i o n  g e o m e t r i e s .  
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LBLUNT LEADING EDGE 
FIGURE 1. - EXPERIMENTAL MACH 12 INLET GEOMETRY (REF. 4). 
FIGURE 2. - MACH NUMBER CONTOURS, M = 12.25 (REF. 4). 
FIGURE 3. - MACH NUMBER CONTOURS VIEWED FROM AFT (REF. 4). 
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COWL SHOCK WAVE-- 
0 -RAMP BOUNDARY 
COWL BOUNDARY LAYER 
LAYER - -- -- - - 
SIDEWALL VORTEX-- 
SIDEWALL 
FIGURE 5. - ORIENTATION OF CROSSFLOW PLANE 150 LOCATED NEAR 
THE RAMP SHOULDER SHOWING PLANE OF SYMMETRY, SIDEWALL RAMP 
AND COWL SURFACES (REF. 12). 
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NO CONTROL CUTBACK COWL COWL BLEED CUTBACK SIDEWALL 
FIGURE 6. - COMPARISON OF EFFECT OF VARIOUS CONTROL METHODS ON MACH NUMBER CON- 
TOURS NEAR RAMP SHOULDER (REF. 12). 
H = 0.01 M 
w = 0.01404 M 
L = 0.024 M 
H = 0.01 M 
w = 0.01404 M 
L1 = 0.006 M L1 = 0.006 M 
L2 = 0.006 M 
D = 0.0012 M 
D = 0.0012 M 
FIGURE 7. - FLOW CONFIGURATIONS (REF. 15). 
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. 
X = 2.19 CM 
FIGURE 8. - MACH NUMBER CONTOURS ON Y Z  PLANES AT VARIOUS x 
LOCATIONS FOR CASE 1 (REF. 15). 
I 
X = 2.19 CM 
FIGURE 9. - TEMPERATURE CONTOURS ON y z  PLANES AT VARIOUS x 
LOCATIONS FOR CASE 1 (REF. 15). 
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2.5 CM 
FIGURE 10. - MACH NUMBER CONTOUR ON xy PLANE AT CENTER OF IN- 
JECTION PORT FOR CASE 1 (REF. 15). 
2 . V  I 
I I I I I I 1 
3 CM 
FIGURE 11. - MACH NUMBER CONTOUR ON X y  PLANE AT CENTER OF IN- 
JECTION PORT FOR CASE 2 (REF. 15). 
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FIGURE 12. - SCHEMATIC OF EXPERIMENTAL MODEL, PERSPECTIVE VIEWS 
(REF. 30). 
FIGURE 13. - GRID SYSTEM PERSPECTIVE VIEW FOR 3-D COMPLETE GEOMETRY 
CALCULATION, CASE-1, (Ir = 20' (REF. 30). 
1 5  
FIGURE 14. - MACH CONTOUR PERSPECTIVE VIEW FOR 3-D COMPLETE GEOMETRY 
CALCULATION, CASE-1, (Ir  = 20' (REF. 30). 
FIGURE 15. - SIMULATED SURFACE OIL FLOW FOR 3-D COMPLETE GEOMETRY 
CALCULATION, CASE-I, a,. = 20° (REF. 30). 
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(b)  NONADAPTIVE GRID FOR NOZZLE FLOW. ( d )  ADAPTIVE GRID FOR NOZZLE FLOW. 
FIGURE 16. - MACH NUMBER CONTOURS AND GRIDS FOR A SCRAMJET NOZZLE (REF. 33). 
2.34 IN. 
18.73 I N .  
MOMENT CENTER 
M = 6  
( a )  SECTIONAL VIEW. 
REFLECTION PLATE 
COMBUSTOR EXIT  
COWL TRAILING EDGE 
RAMP SURFACE 
(b) ISOMETRIC VIEW. 
FIGURE 17. - MODEL OF AFTERBODY WITH SCRAMJET EXHAUST 
SIMULATION (REF. 31). 
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FIGURE 18 .  - DENSITY CONTOURS FOR CASE 2 (REF. 3 1 ) .  
I ', SURFACE 
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1 . 2  
X/h 
FIGURE 1 9 .  - PRESSURE COEFFICIENT DISTRIBUTIONS 
ON RAMP AND LOWER COWL SURFACES (REF, 31 ) .  
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FIGURE 20. - DENSITY CONTOURS FOR CASE 3 (REF. 31) .  
i 
" I  
UPPER FLAT 0 7  I 
/e ,  DEG 
-- 
' M O D E ~  CENTERL I NE 
+ 
h t  n = 2.54 
3.25' J 
/ 
L _ _ ~ -  
LOWER 
FLAP W 
FIGURE 21. - NOZZLE GEOMETRY (REF. 32). 
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Y 
X 
( a )  NOZZLE AND EXHAUST GRID. 
( b )  NOZZLE GRID. 
FIGURE 22. - SlREAMWISE GRID DISTRIBUTION (REF. 3 2 ) .  
Y Y 
2 z 
( a )  I N  THE NOZZLE REGION. ( b )  I N  THE EXHAUST REGION. 
FIGURE 23. - SPANWISE GRID DISTRIBUTION (REF. 32). 
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(a)  I = 1, z = 0. 
(b) I = 9, Z = 1.365. 
I I 
(c)  I = 13, z = 1.7. 
I I 
( d )  I = 25. z = 1.982. 




( a ) i  = 50, x = 4.r185. 
s EXPERIMENTAL 





( c )  i = 75, x = 6.221. 
( b )  i =  65,  x = 5 .372 .  
FIGURE 25. - SPANWISF MACH FIIIMRER CONTOURS, CASE 1 
(REF. 32). 
3 6 9 
X 
( a )  UPPER WALL. 
L 
0 1 2 3 4 5  
( b )  LOWER WALL 
FIGURE 26. - WALL PRESSURE DISTRIBUTIONS, CASE 1 (REF. 32). 
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